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Introduction 
Imagery is a familiar aspect of most people’s everyday experience. In the visual 
domain, it is often referred to as ‘visualizing’, ‘picturing’, ‘seeing with the mind’s 
eye’ and so on. Likewise, people can imagine carrying out an action without 
actually performing it. This cognitive skill is called motor imagery.  
Previous studies have shown that motor imagery is important for learning complex 
motor skills like sports (Murphy 1994), as well as re-learning motor skills in 
neurological populations (Dijkerman et al. 2004; Lotze et al. 2006). The potential 
of motor imagery for clinical applications is broad, ranging from Brain-Computer 
interfacing (Pfurtscheller and Neuper 2006) to diagnosis of vegetative state in non-
communicative brain-injured patients (Boly et al. 2007; Owen et al. 2006).  
Previous studies have observed tight behavioral and neural links between motor 
imagery, motor planning and motor execution [reviewed in (Jeannerod 2006)]. 
Owing to these links, motor imagery paradigms can be used as a tool to gain 
insight in the action system of both healthy and diseased populations. An 
important asset of motor imagery is that it allows one to investigate internal 
dynamics of motor control like planning and preparation, while avoiding sensory 
and motor confounds related to motor execution. This feature may be especially 
important when studying motor impairments in clinical populations. In 
neuropsychiatric or neurological syndromes like hemiplegia, dystonia, Parkinson’s 
disease, and (conversive) limb paralysis, motor execution is impaired or even 
absent. In these cases, the (in)ability of imagining to carry out actions, and its 
cerebral correlates, can be used to establish at what level impairments in the 
action system are manifest.  
In this chapter, I will first discuss the different motor imagery paradigms that have 
been used in the literature, among which the paradigm that is at the heart of the 
studies presented here: laterality judgments of hands. I will review how motor 
imagery research has advanced the knowledge of high-level action control, by 
looking at behavioral and neuroimaging studies in healthy subjects. This will form 
the basis for Chapters 2-4 of this thesis. Finally, I will assess how motor imagery 
paradigms have helped to understand motor impairments in clinical populations. 
This will form the basis for Chapters 5 and 6 of this thesis.  
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How to study motor imagery? 
Motor imagery paradigms come in many flavours. One variable that differs 
between studies is the effector(s) that are used in the imagined action (e.g., hand, 
foot, mouth). Also, the complexity of the action to be imagined can vary widely, 
ranging from simple finger tapping (Hanakawa et al. 2003) to walking (Stevens 
2005) or playing tennis (Owen et al. 2006). A further important distinction can be 
made between tasks that explicitly ask subjects to engage in motor imagery and 
tasks that elicit imagined actions in an implicit fashion (Jeannerod and Frak 1999).  
During explicit imagery tasks subjects are simply asked to imagine moving their 
effector in a particular manner [e.g., “Imagine making repetitive brisk 
flexion/extension movements of the fingers” (Ehrsson et al. 2003)]. Implicit 
imagery tasks on the other hand usually employ a task that is tangential to 
imagery of actions [e.g., recognition of the handedness of a visually presented 
hand (Parsons 1987b; Sekiyama 1982)], and infer the motoric nature of the 
processes involved in solving the task from the behavior of the subjects. Implicit 
and explicit imagery tasks differ in terms of how vulnerable they are to criticisms of 
cognitive penetrability (Pylyshyn 2002). When subjects are explicitly asked to 
engage in a particular process, say imagining to run from A to B, they may use 
tacit knowledge about the time it takes to run from A to B to guide their imagery 
performance, out of a desire to comply with the experimenter. This criticism 
applies less to implicit motor imagery tasks, because in this case, subjects are not 
asked to engage in the act of imagining, but to solve a tangential task (e.g., mental 
rotation). In implicit motor imagery tasks, the visual or motor nature of the imagery 
process is inferred from behavioral and/or neural performance.  
Another important dimension on which imagery paradigms differ is quantifiability of 
performance. Given the private nature of (motor) imagery, it is inherently difficult to 
assess whether a subject, when asked to imagine a certain action, is indeed 
actively engaged in motor imagery. Whereas some studies have simply assumed 
task compliance (e.g.,(Ehrsson et al. 2003; Gerardin et al. 2000; Porro et al. 
1996), others have included a behavioral component to control for task 
compliance and aptitude. Sirigu et al. (1996) asked subjects to mentally rehearse 
a finger opposition sequence to the increasing pace of a metronome (i.e., an 
explicit motor imagery task). Subjects had to indicate the maximal speed at which 
they could mentally perform these movements, a measure that could later be 
compared to the maximal speed of executed finger opposition sequences (Sirigu 
et al. 1996), making the overall motor imagery performance quantifiable. Similarly, 
Hanakawa et al. (2003) verified imagery performance during imagined finger 
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tapping by asking subjects to report at unpredictable intervals which finger they 
were imagining to move while they were engaged in imagery of a predefined 
movement pattern at a predefined speed. Imagery of more complex actions have 
been quantified in a similar manner (Bakker et al. 2007; Decety and Jeannerod 
1995; Stevens 2005).  
 
 
 
 
Figure 1.1. Visual stimuli of left hands (LH) and right hands (RH) used in the hand 
laterality judgment task. During this task, subjects have to indicate whether the 
stimulus is a left or right hand. Stimuli can be presented in an upright orientation 
(0º), rotated counter-clockwise (CCW), rotated clockwise (CW), or upside down 
(180º). Right hand stimuli are particularly difficult in CW orientations, whereas left 
hand stimuli are particularly difficult in CCW orientations.  
 
An influential paradigm that implictly evokes motor imagery and allows one to 
quantify performance is the hand laterality judgment task, in which subjects have 
to make judgments about rotated images of hands (Parsons 1987b; Sekiyama 
1982)(see Figure 1.1). The presence of motor simulations of the left and right 
hands can be inferred from the behavioral performance. Namely, reaction times 
are not linearly modulated by the rotation of the hand stimulus [as is usually the 
case during mental rotation paradigms: see (Shepard and Cooper 1982)]. Rather, 
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reaction times closely correspond to the time it would take to execute a similar 
movement. Biomechanically complex movements (e.g., a right hand rotated 
clockwise; see Figure 1.1) take disproportionally longer than biomechanically 
easier movements (e.g., a right hand rotated counter-clockwise), even if the 
stimulus rotation is equal (Parsons 1994; Parsons et al. 1998).  
There are other examples of implicit motor imagery tasks. One is the grasp 
judgment task designed by Johnson et al. (2002a), in which a graspable handle is 
presented in various orientations. Subjects had to judge whether it would be 
preferable to grasp the handle using an underhand or overhand power grip. This 
paradigm is similar to the one designed by Frak, Paulignan, & Jeannerod (2001), 
in which subjects had to judge the complexity of a grasping movement. In both 
cases, it is possible to use mental chronometry to quantify the imagery 
performance of the subject.  
 
Neural mechanisms of motor imagery 
Using the wide variety of tasks described above, several studies have typically 
reported a tight correlation between imagined and executed actions along various 
behavioral dimensions. As already mentioned above, the time it takes to image a 
certain action is tightly linked to the execution time of the action (Decety and 
Michel 1989; Parsons 1994; Sirigu et al. 1996; Stevens 2005). Furthermore, 
vegetative responses like cardiac and respiratory rhythms covary with the degree 
of imagined effort (Decety et al. 1991). Several neuroimaging studies have found a 
host of brain regions that are active during motor imagery [for a meta-analysis, see 
Grezes & Decety (2001)]. Regions that have been implicated in motor imagery 
include the inferior and superior parietal lobule, ventral and dorsal premotor 
cortex, and the supplementary motor cortex (see Figure 1.2), while the role of the 
primary motor cortex is still a topic of debate. Posterior parietal and premotor 
regions are also engaged in planning and preparation of movements (Deiber et al. 
1996; Rushworth et al. 2003; Toni et al. 2001b), suggestive of a neural overlap 
between these processes. Although posterior parietal and premotor regions are 
usually jointly engaged in motor planning and preparation, their roles may be quite 
distinct. One influential theoretical framework posits that the parietal cortex has a 
role in the computation of forward models (i.e., predicting the behavior of the 
motor system in response to a command)(Wolpert et al. 1998; Wolpert and 
Ghahramani 2000). The role of the premotor cortex, on the other hand, is to 
compute the motor signals that match the parietal output in a motoric coordinate 
system (e.g., joint angles)(Oztop et al. 2005). The neural topography of motor 
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imagery, and the role of parietal and premotor cortex within this process, will be 
the topic of Chapter 2.  
 
 
Figure 1.2. Cortical regions involved in motor control in the macaque monkey. 
Shown is a lateral view of the cortex (left panel). The areas lying within the 
intraparietal sulcus (IPS – blocked line) are depicted in an unfolded view of the 
sulcus (dashed line represents the fundus of the sulcus). SMA=supplementary motor 
area, PMd=dorsal premotor cortex, PMv=ventral premotor cortex, M1=primary motor 
cortex, SPL=superior parietal lobule, IPL=inferior parietal lobule. For a more detailed 
description of these areas, and subregions within the IPS, see Chapter 7. Figure 
adapted from Rizzolatti & Matelli (2003).  
 
Given the behavioral and neural correlations between imagined actions and 
actually performed actions, it has been suggested that these processes (at least 
partly) rely on common mechanisms. More precisely, some authors have 
suggested that motor imagery relies on the generation of a complete motor plan 
that is prevented from operating on the body (Grush 2004; Jeannerod 1994). 
However, other authors have suggested that motor imagery relies on processes 
involved in planning, but not control of movements (Glover 2004; Johnson et al. 
2002b). According to this latter view, there is a dichotomy between the planning 
system, dealing with action selection before movement onset on the basis of 
cognitive and visual factors; and the control system, dealing with on-line 
supervision of movement execution on the basis of motor variables. Therefore, 
these two frameworks posit that different processes are underlying motor imagery. 
According to the planning-control framework, motor imagery relies on general 
representations, rather than specific motor representations. An implication of this 
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is that the neural computations that operate on such representations should not be 
influenced by the current state of one’s body. In contrast, according to the 
simulation/emulation framework, motor imagery relies on embodied motor 
representations. Therefore, motor imagery should depend not only on the desired 
end-state but also on the current configuration of the limb. 
Previous reports have provided evidence supporting either claim. On the one 
hand, some psychophysical studies failed to find a significant difference in the time 
required to solve a hand-laterality judgment task by densely hemiplegic and by 
recovered hemiplegic patients, irrespectively of whether the task involved their 
paralyzed or their unaffected hand (Johnson 2000; Johnson et al. 2002b). 
Furthermore, the patients were as accurate in motor imagery as control subjects 
that fully recovered from hemiparesis. These results have been taken as evidence 
that action representations can be independent of one’s own body. On the other 
hand, Nico, Daprati, Rigal, Parsons, & Sirigu (2004) showed that the loss of one 
limb significantly increased the difficulty of performing hand-laterality judgements, 
notably if the amputated limb was the dominant limb. Similary, behavioral 
(Parsons 1987b; Shenton et al. 2004; Sirigu and Duhamel 2001) and neural 
(Vargas et al. 2004) studies have showed that there is a clear proprioceptive 
influence on motor imagery performance in healthy subjects, favouring the view 
that motor imagery relies on the generation of a complete motor plan that is 
prevented from operating on the body. This issue will be the topic of Chapter 3.  
 
While neuro-imaging studies using fMRI can reveal which brain regions are 
involved in motor imagery, not much is known about the temporal dynamics and 
interactions between the regions involved in this process. For motor planning,  
some posit a feed-forward sequential model of information processing (Nishitani 
and Hari 2002), while others claim that motor planning relies on multiple iterations 
through the recurrent architecture of the parieto-frontal system (Burnod et al. 
1999). Whole-head MEG recordings combined with advanced analysis techniques 
provide an opportunity for investigating this issue, by characterizing the time-
course of the neural regions involved in motor imagery, as well as their 
interactions. This will be the topic of Chapter 4. 
 
Motor imagery in pathological conditions 
Motor imagery tasks have been widely used in clinical populations to investigate 
cognitive aspects of motor dysfunction. For instance, motor imagery impairments 
have been found in neglect patients (Coslett 1998), patients with lesions in parietal 
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(Danckert et al. 2002; Sirigu et al. 1996) and motor cortex (Sirigu et al. 1995; 
Tomasino et al. 2005b), Parkinson’s disease (Dominey et al. 1995; Helmich et al. 
2007), hand dystonia (Fiorio et al. 2006) and patients with peripheral disturbances 
such as upper limb amputees (Nico et al. 2004), chronic pain patients (Schwoebel 
et al. 2001) and people with congenital absence of limbs (Funk and Brugger 
2002). There are at least two rationales for using motor imagery paradigms in 
patient populations. First, one can test whether a given impairment affects motor 
processing beyond simple execution [see for instance  (Schwoebel et al. 2001)]. 
Second, for motor disorders that do not impair motor imagery performance, one 
can probe movement-related processes using a task that the patient can perform, 
while allowing for objective measures of patients’ performance and strategies. This 
is a necessary requirement if one wants to attribute behavioral performance and/or 
cerebral activity to pathological mechanisms (Price and Friston 2002b), rather than 
unspecific factors related to impaired performance.  
Recently, the study of motor cognitive impairments has been extended to 
psychopathological conditions. For instance, schizophrenic patients with motor 
passivity have been assessed (Danckert et al. 2004; Maruff et al. 2003) to test the 
hypothesis that their motor passivity might be linked to impairments in the creation 
of forward models in the parietal cortex. Conversion paralysis (CP) is a 
psychopathological condition for which motor imagery is a particularly viable tool 
to gain insight in the underlying pathological mechanisms. CP is a syndrome 
characterized by a loss of motor function without apparent ‘organic’ cause. There 
are competing theories about the functional mechanisms behind this syndrome. 
While some studies suggest the disorder is characterized by inhibition of 
movement plans (Halligan et al. 2000; Marshall et al. 1997a), others studies claim 
that the disorder is associated with heightened self-monitoring during actions 
(Roelofs et al. 2006; Vuilleumier et al. 2001). These competing hypotheses will be 
put to an empirical test in Chapter 5. Another ill-understood condition for which it 
has been hypothesized that motor disturbances play a role in its pathophysiology 
is Chronic Fatigue Syndrome (CFS). The investigation of the influence of chronic 
fatigue on the motor system in absence of overt movements will be the topic of 
Chapter 6.  
 
Finally, Chapter 7 will provide an integrative outline of motor imagery in the 
healthy and pathological state. It will also provide an outlook for possible future 
research.  
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NEURAL TOPOGRAPHY AND CONTENT OF MOVEMENT 
REPRESENTATIONS 
 
Chapter 2 
 
Abstract 
The aim of this study was to investigate the neural topography of movement 
representations independently from actual movements. For this, we used an 
implicit motor imagery task (mental rotation of hands), and paired this task with a 
matched visual imagery control task (mental rotation of letters). We measured 
neurovascular activity with rapid event-related fMRI, distinguishing responses 
parametrically related to motor imagery from responses evoked by visual imagery 
and other task-related phenomena. By quantifying behavioral and neurovascular 
correlates of imagery on a trial-by-trial basis, we could discriminate between 
stimulus-related, mental rotation-related, and response-related neural activity. We 
found that specific portions of posterior parietal and precentral cortex increased 
their activity as a function of mental rotation only during the motor imagery task. 
Within these regions, parietal cortex was visually responsive, whereas dorsal 
precentral cortex was not. Response- but not rotation-related activity was found 
around the left central sulcus (putative primary motor cortex) during both imagery 
tasks. Our study provides novel evidence on the topography and content of 
movement representations in the human brain. During intended action, posterior 
parietal cortex combines somatosensory and visuomotor information, while dorsal 
premotor cortex generates the actual motor plan, and primary motor cortex deals 
with movement execution. 
 
 
 
 
 
 
 
 
 
This chapter is a modified version of: de Lange FP, Hagoort P, Toni I. (2005). 
Journal of Cognitive Neuroscience, 17, 97-112. 
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Introduction 
Electrophysiological studies in behaving monkeys have revealed how parietal and 
premotor cortex contribute to planning movements of the hand and arm (Ashe and 
Georgopoulos 1994; Crammond and Kalaska 1989; Crammond and Kalaska 
2000; Johnson et al. 1999; Johnson et al. 1996; Shen and Alexander 1997). 
Imaging studies in humans have also investigated neural correlates of movement 
planning, isolating neurovascular responses during movement preparation in 
delayed response tasks (Connolly et al. 2000; Connolly et al. 2002; D'Esposito et 
al. 2000; Deiber et al. 1996; Richter et al. 1997; Simon et al. 2002b; Thoenissen et 
al. 2002; Toni et al. 1999; Toni et al. 2001b; Toni et al. 2002b). However, these 
studies have not explicitly addressed the nature of the information processes 
implemented by frontal and parietal regions during the transformation of sensory 
stimuli into motor responses. Furthermore, these investigations have been based 
on the notion that preparing to execute an action evokes its mental representation 
(Jeannerod 1997; Rizzolatti and Luppino 2001). However, immediate and delayed 
performances of motor behavior might be controlled by different neural circuits 
(Rossetti and Pisella 2002). For instance, psychophysical studies have shown that 
providing immediate or delayed responses to sensory stimuli depend on different 
sensorimotor processes (Bridgeman et al. 2000; Gentilucci et al. 1996; Wong and 
Mack 1981). Neuropsychological studies have shown that, while a patient with 
visual agnosia could correctly grasp objects only when the movement occurred 
shortly after stimulus presentation (Goodale et al. 1994), a patient with optic ataxia 
improved her grasping performance when a delay was introduced between 
stimulus and response (Milner et al. 2001). In this perspective, it is conceivable 
that the findings of previous studies, exploiting delay-related responses to 
operationalize movement preparation, might not generalize to movement 
representations related to immediate action.  
In this study we aim to characterize not only which regions are implicated in 
immediate action independently from movement execution, but also how they are 
implicated. In order to isolate movement representations from movement 
execution without forcing delays in the sensorimotor process, we have appealed to 
the concept of implicit motor imagery (MI). Several psychophysical studies 
(Parsons 1987a; Parsons 1994; Sekiyama 1982) have demonstrated that human 
subjects, when asked to judge the laterality of a rotated image of a hand, solve 
this task by imagining their own hand moving from its current position into the 
stimulus orientation for comparison. Here we have used motor imagery as a tool to 
drive subjects to manipulate movement representations, defined as internal 
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models of the goal of an action (Jeannerod 1994). In this perspective, our 
manipulation is likely to evoke internal simulation of actions for the purpose of 
selecting the most biomechanically appealing movement plan. It is important to 
note however that behavioral and neural correlates of internal simulation of actions 
may not generalize to movement planning of immediate actions, given that actions 
were simulated and not carried out.  
Subjects were presented with drawings of hands and asked to report whether they 
were seeing a left hand or a right hand, regardless of the angle of rotation of each 
stimulus from its upright position. We paired this motor imagery task with a visual 
imagery control task, in which subjects were presented with typographical 
characters and asked to report whether they were seeing a canonical letter or its 
mirror image, regardless of its rotation (Alivisatos and Petrides 1997; Shepard and 
Cooper 1982). During task performance, we measured behavioral performance 
and neural activity with fast event-related fMRI (Friston et al. 1999c). This 
experimental design allowed us to distinguish responses parametrically related to 
motor imagery from responses evoked by visual imagery and other task-related 
phenomena. Crucially, during each trial we distinguished between neural activity 
associated with different components, namely stimulus-related activity, mental 
rotation-related activity, and residual response-related activity. As a separate 
control experiment, we assessed muscular activity in left and right hand during 
both tasks, to exclude that overt hand movements could have influenced our data. 
 
Methods 
Six healthy male subjects participated in the study after giving written informed 
consent according to institutional guidelines of the local ethics committee (CMO 
region Arnhem-Nijmegen, Netherlands). All participants were right-handed 
[Edinburgh Handedness Inventory (Oldfield 1971); 90+10%, mean±standard 
deviation], young (25±2 years) males.  
 
Tasks 
We used two tasks, a motor imagery (MI) and a visual imagery (VI) task. Four line 
drawings of hands (left or right hand, viewed either from the back or from the 
palm) served as stimuli for the MI task. Four typographical characters (F, G, J, and 
R, in Times New Roman font) served as stimuli for the VI task. Each of these eight 
stimuli was rotated around the vertical axis of the picture to generate mirror 
images. Further clockwise rotations in the plane of the picture [from an upright 
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position (0º) until a rotation of 180º in six steps of 30º] generated two sets of 56 
stimuli each (Figure 2.2A). These stimuli were serially presented to the subjects, in 
a random order. During the MI task, the subjects had to report whether the 
displayed hand drawing was a left hand or a right hand, regardless of the angle of 
rotation of each stimulus from its upright position (in short, rotation). During the VI 
task, the subjects had to report whether the displayed typographical character was 
a canonical letter or its mirror image, regardless of its rotation. In both tasks, the 
subjects responded by pressing either the left or right button with the index or the 
middle finger of their right hand. 
 
Experimental timecourse 
The main experiment consisted of a training session followed by a scanning test. 
During the training session, the subjects were first shown the task instructions and 
then performed the MI and VI tasks in 20 alternating blocks of 7 trials. Each trial 
started with the presentation of a fixation cross for a variable interval (0.75 - 1.25 
sec), followed by a visual stimulus (i.e., a typographical character or a drawing of a 
hand). When a behavioral response was provided, the visual stimulus was 
replaced by the fixation cross. The intertrial interval (ITI) was adjusted to task 
performance, in order to balance the time spent off-task across experimental 
conditions (off-task time designates the temporal intervals interposed between a 
behavioral response and the next stimulus presentation). Pilot data showed that 
solving the MI task took longer than solving the VI task. As expected, time on-task 
also changed as a function of rotation, with longer reaction times (RT) for larger 
rotations. Accordingly, the use of a fixed ITI would have caused off-task time to 
become a function of both task and rotation. Note that although our analysis does 
not rely on direct contrasts between imagery and baseline epochs, the presence of 
a correlation between off-task time and the experimental factors might have 
contaminated task- and rotation-related effects with neural phenomena occurring 
during the off-task time. To avoid this confound (Binder et al. 1999; McKiernan et 
al. 2003), we adjusted the ITI according to the formula: ITI = C + α/π  where  C = 
2.0 s (VI) or 2.5 s (MI); α = stimulus rotation (rad). Stimulus rotation was 
randomized from trial to trial. At the end of each block a fixation cross was 
presented for 5 sec (baseline). A transient change in size of the fixation cross 
announced the start of the next block of trials. 
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Figure 2.1. Task setup and behavioral results. (A) Task setup. Subjects had to judge 
the laterality of rotated hands (MI, upper column) or rotated letters (VI, lower 
column). Stimuli were grouped in blocks of 7 trials. (B) Reaction times (mean + SEM) 
for MI and VI. (C) EMG variability (normalized EMG + SEM) for both hands during the 
stimulus and response period for MI and VI.  
 
The subjects were given 4 further blocks of training in the scanner (28 trials), just 
before the beginning of the scanning test. This allowed them to become familiar 
with the experimental set-up while lying in the scanner. During the scanning test 
(336 trials in 48 blocks), the subjects performed the MI and VI tasks as practiced 
during the training session. In order to avoid collinearity of the regressors 
describing the main effect of task (see Image analysis), the duration of each 
baseline epoch was increased to 20 sec.  
 
 22 
Experimental set-up 
During the training session, the subjects faced the computer screen, with both 
hands on the table (radial side towards the body midline), using the index and 
middle finger of their right hand to provide responses through a computer mouse. 
Stimulus presentation and response collection were carried out through a PC 
running Presentation (Neurobehavioral systems, Albany, USA). 
During the scanning test, the subjects lay supine in the scanner. An adjustable 
padded head holder minimized head movements. Visual stimuli were projected on 
to a screen at the back of the scanner and seen through a mirror above the 
subjects’ heads. The visual stimuli (white lines on a black background) subtended 
a visual angle of ~10°. Motor responses (i.e. finger flexions resulting in button 
presses) were recorded via a MR-compatible keypad, positioned on the right side 
of the subject’s abdomen. Subjects’ hands were lying along the longitudinal axis of 
the body, with their radial side towards the midline. Timing of functional brain 
images, stimulus presentation, and subjects’ response was simultaneously 
recorded via a PC running Presentation. 
On a separate occasion, three of the six subjects underwent an additional test in 
the scanner in order to assess skeleto-motor activities during task performance 
(EMG test). Subjects performed the two tasks in the same conditions as described 
for the scanning test. In addition, bipolar surface EMGs were measured (sampling 
rate: 5.0 kHz) from both right and left forearms, in order to assess activity of both 
hand and carpal muscles. We used MR-compatible electrodes and amplifiers 
(band-pass filter 0.50-70 Hz, notch filter 50 Hz) in combination with BrainVision 
software (http://www.brainproducts.com/). During the EMG measurements, the 
MR gradients were turned off. 
 
Image acquisition 
Functional images were acquired on a Siemens SONATA 1.5 T MRI system 
equipped with echo planar imaging (EPI) capabilities, using the standard head coil 
for radio frequency transmission and signal reception. BOLD-sensitive functional 
images were acquired using a single shot gradient EPI-sequence (TR = 2560 ms, 
TE = 40 ms, 32 axial slices, slice thickness = 3.5 mm; FOV = 224 mm). High-
resolution anatomical images were acquired using a MP-RAGE sequence (TE/TR 
= 3.93/2250 msec; voxel size = 1.0 x 1.0 x 1.0 mm, 176 sagittal slices; FOV = 256 
mm). 
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Image analysis 
Image analysis was performed with SPM99 (Statistical Parametric Mapping, 
www.fil.ion.ucl.ac.uk/spm). Functional images were spatially realigned using a sinc 
interpolation algorithm that estimates rigid body transformations (translations, 
rotations) by minimizing head-movements between each image and the reference 
image (Friston et al. 1995a). Subsequently, the time-series for each voxel was 
realigned temporally to acquisition of the middle slice. Images were normalized to 
a standard EPI template centered in Talairach space (Ashburner and Friston, 
1999) by using 12 linear parameters (translation, rotation, zoom, and shear) and 
subsampled at an isotropic voxel size of 2 mm. The normalized images were 
smoothed with an isotropic 10 mm full-width-at-half-maximum (FWHM) Gaussian 
kernel. Anatomical images were spatially coregistered to the mean of the 
functional images (Ashburner and Friston 1997) and spatially normalized by using 
the same transformation matrix applied to the functional images. The statistical 
model consisted of independent partitions accounting for different sources of 
variance on a trial by trial basis (i.e., we used an event-related design). We 
considered a main effect, time-locked to stimulus onset (2 levels: MI, VI) and its 
modulation by rotation (7 levels: 0º to 180º, in 30º steps). On the basis of the linear 
and quadratic trends in the behavioral data (see Results – Task performance), we 
modelled neural modulation of rotation with linear and quadratic polynomial 
expansions. The variability in reaction times, orthogonalized to rotation- and 
stimulus-related regressors, was also modeled for MI and VI trials. In summary, 
our model characterized the variance in neural signal along three orthogonal 
dimensions, namely the overall stimulus-related effects (stimulus-related 
components: MIs, VIs), the effect of mental rotation (parametric modulation of 
stimulus rotation: MIp, VIp), and the residual variability explained by trial-by-trial 
reaction times (response-related effects: MIr, VIr). The haemodynamic responses 
generated by these events were modeled by convolving delta functions time-
locked to their occurrence with a standard haemodynamic response function and 
its first two temporal derivatives (Friston et al. 1995b). This approach ensured a 
good compromise between statistical sensitivity and model flexibility, i.e. a 
parsimonious set of basis function that allowed for variations in timing and shape 
of the haemodynamic responses across voxels and conditions. Each of these 
regressors was mean-adjusted to remove differences in offset and range-
normalized to allow for meaningful comparison of parameter estimates (i.e. 
regression coefficients, in the context of the present multiple regression analysis) 
across conditions. Finally, the statistical model included independent partitions for 
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other sources of variance, namely error trials, residual head movement-related 
effects, low-frequency signal drifts over time, and overall differences between 
subjects. 
 
Statistical inference 
The statistical significance of the estimated evoked haemodynamic responses was 
assessed using t-statistics in the context of a multiple regression analysis. The null 
hypothesis was that the variance explained by a given regressor was consistent 
with the residual error, once the variance explained by the other components of 
the model was accounted for. Linear compounds (contrasts) were used to 
determine the effects associated with each task component, generating t-values 
for each voxel in the image, i.e. statistical parametric maps of t-values (SPMs). In 
particular, for each of the three orthogonal task dimensions detailed above, we 
further distinguished between regions showing either common activity (indicated 
by “∩”) (Friston et al. 1999a) or differential activity (indicated by “>”) across levels 
of a given experimental factor. This rationale generated the following series of 
contrasts: 
Stimulus-related activity: MIs > VIs; MIs ∩ VIs; VIs > MIs. 
Rotation-related activity: MIp > VIp; MIp ∩ VIp; VIp > MIp. 
Response-related activity: MIr > VIr; MIr ∩ VIr; VIr > MIr. 
These contrast images indicate the spatial distribution of significant activity for a 
given task component. Gaussian field theory allowed us to make inferences 
corrected for the number of non-independent comparisons (Friston et al. 1995c). 
The effective degrees of freedom of the error term took into account the temporal 
autocorrelation of the data (Friston et al. 1995b). We report the results of a fixed-
effect group analysis. The inferences we provide are about the presence of an 
effect in these subjects during these scanning sessions and not about the average 
size of the effect in the population from which the subjects were drawn (Friston et 
al. 1999b; Friston et al. 1999a). Consistency of the effects across subjects was 
ensured via multi-subject conjunction analyses (Friston et al. 1999a). The 
statistical analysis of the fMRI data adopted a mass univariate approach, and the 
inferences pertain to the voxel level, with an arbitrarily chosen error rate of 1% (p-
threshold = 0.01; Z-threshold = 3.84). This approach introduces a multiple 
comparisons problem. Here we have corrected for performing multiple tests over 
the whole brain by using the False Discovery Rate approach (Genovese et al. 
2002).  
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In addition to the procedure described above, in one particular instance we have 
constrained our inferences on the basis of independent anatomical information, 
using a Volume Of Interest (VOI) approach. In this case, we aimed at testing 
whether the present data-set revealed any significant rotation-related activity in 
cortical regions previously implicated in supporting movement representations 
during delayed motor responses (Decety et al. 2002; Iacoboni et al. 2001d; Toni et 
al. 2002b). Accordingly, we relied on published stereotactical coordinates to 
position VOIs along the superior temporal region, and we used the FWHM of our 
statistical images to define the radius of the VOIs. Our goal was to exploit the 
higher sensitivity of VOI-based analyses to exclude that the lack of activity 
observed in these regions in the present study was not due to a tresholding effect.  
Anatomical details of significant signal changes were obtained by superimposing 
the SPMs on the structural images of each subject. The atlases of (Duvernoy et al. 
1991), (Ono et al. 1990), and (Schmahmann et al. 1999) were used to identify 
relevant anatomical landmarks. 
 
Behavioral analysis 
Mean response times (RTs) and error rates (ERs) measured during the scanning 
test were analyzed separately and considered as independent variables of a 2 x 7 
repeated measures ANOVA with a main effect of task (2 levels: MI, VI) and a main 
effect of rotation (7 levels: 0º to 180º, in 30º steps). Subjects were considered as a 
random factor. Alpha-level was set at p<0.05, Greenhouse-Geisser corrected 
where applicable. 
Means and standard deviations of EMG signals (35 trials) were measured for each 
subject during task performance for each experimental condition. Three different 
epochs were considered: 1) baseline period, from 0.5 sec before stimulus 
presentation until stimulus presentation; 2) stimulus period, from stimulus 
presentation until 0.5 sec before response execution; 3) response period, from 0.5 
sec before response execution until 0.2 sec afterwards. Variability (standard 
deviation) of the EMG signal collected during stimulus and response periods were 
normalized to the EMG variability measured during baseline, on a trial-by-trial 
basis. This procedure allowed us to quantify changes in EMG signal across 
epochs, hands, and subjects. Normalized variability of the EMG signal was 
considered as an independent variable of a 2 x 2 x 2 univariate ANOVA with a 
main effect of task (2 levels: MI, VI), epoch (2 levels: stimulus period, response 
period) and hand (2 levels: left hand, right hand). Given the small sample size, 
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subjects were included as a fixed factor. Alpha-level was set at p<0.05, 
Greenhouse-Geisser corrected where applicable.  
Correlations between behavioral and neural effect size (Figure 2.3) were assessed 
by investigating Pearson correlations, one-tailed, with alpha-level set at p<0.05.   
 
Results 
Behavioral performance  
Reaction time (RT) and error rate (ER) increased with increasing stimulus rotation 
(rotation: RT, F(6,30) = 29.0, p< 0.001; ER, F(6,30) = 6.2, p = 0.017). Subjects were 
slower and more error-prone in motor imagery (MI) than in visual imagery (VI) 
performance (task: RT, F(1,5) = 16.3, p = 0.01; ER, F(1,5) = 6.5, p = 0.05). Mean 
response times are illustrated as a function of rotation for both the hand (MI) and 
the letter (VI) laterality judgment task (Figure 2.1B). In both tasks RTs significantly 
increased with increasing rotation (MI – rotation: F(6,8.7)=11.2, p = 0.001; VI – 
rotation: F(6,7.5) = 14.0, p = 0.001). RTs changed as a function of rotation according 
to a combination of linear and quadratic effects. Crucially, RTs increased as a 
function of rotation more in MI than in VI (task x rotation interaction: F(6,30) = 10.1, p 
= 0.005). EMG measurements excluded the presence of overt hand movements 
during task performance in the scanner in both tasks, apart from the required 
finger flexions. Figure 2.1C illustrates the variability in EMG signal relative to a 
baseline period across three subjects during stimulus and response epochs. EMG 
variance increased only for the right hand (main effect of hand: F(1,816) = 441.3, 
p<0.001). This increase in variance occured only during the response epoch 
(epoch: F(1,816) = 519.6, p < 0.001; epoch x hand interaction: F(1,816) = 402.7, p < 
0.001), and equally so during both tasks (task: F(1,816) = 0.11, p > 0.7).  
 
Neural activity 
We modeled neural activity along different points in time, namely stimulus-related, 
rotation-related and (residual) response-related neural activity. We distinguished 
between activity that was shared by both tasks (common activity, designated by 
∩) and activity that was greater during MI than during VI (differential activity, 
designated by >). There were no areas that were more strongly activated during VI 
than during MI, i.e. VI was contained within MI. This finding indicates that VI was a 
task adequate to control for general imagery-related activity. Stereotactic 
coordinates of voxels showing significant communalities and differences across 
effects of stimulus, rotation, and response are listed in Tables 2.1-2.3. The 
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anatomical location, fitted peak BOLD signal, and parameter estimates of some 
representative responses are illustrated in Figure 2.2. 
 
 
Contrast Anatomical region Side Z-score Stereotactic  coordinates 
MIs ∩ VIs L 6.04 -12 -82 -14 
 
Lingual gyrus 
R > 8 22 -78 -16 
 L 4.38 -38 -84 -16 
 
Inferior occipital gyrus 
R 5.88 42 -78 -12 
 Intra-occipital sulcus R 6.39 24 -94 16 
 Fusiform gyrus R 6.34 32 -52 -24 
 Postcentral sulcus L 6.59 -44 -38 52 
 Frontal operculum L 4.22 -38 14 6 
 L 4.04 -2 14 48 
 
Anterior cingulate 
sulcus R 4.48 4 16 46 
 L 3.90 -28 -40 0 
 
Hippocampus (tail) 
R 4.85 22 -40 4 
 L 4.16 -4 -54 -10 
 
Cerebellum (culmen) 
R 6.18 18 -50 -22 
 Cerebellum (declive) L 4.87 -6 -76 -22 
 Cerebellum (centralis) R 4.29 8 -42 -28 
       
MIs > VIs Calcarine sulcus R 5.39 18 -94 2 
 Middle occipital gyrus R 5.13 32 -94 8 
 
Table 2.1. Common (MIs∩VIs) and differential (MIs>VIs) stimulus-related activities. 
 
 
Stimulus-related activity (MIs, VIs) 
Several cerebral regions showed stimulus-related activity that was un-affected by 
rotation and response (Table 2.1). Both tasks evoked similar activity (MIs ∩ VIs) in 
extrastriate visual cortex, left postcentral sulcus, left frontal operculum, anterior 
cingulate sulcus (bilaterally), posterior hippocampi, and portions of the cerebellum. 
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Stronger stimulus-related activity during MI than VI (MIs > VIs) was found in the 
right occipital lobe (calcarine sulcus and middle occipital gyrus). The calcarine 
activity was within the variability range of cytoarchitectonically defined area 17 
(Amunts et al. 2000). There was no stronger stimulus-related activity during VI 
than MI (VIs > MIs). 
 
Rotation-related activity (MIp, VIp)  
Cerebral regions showing an increase of activity with increasing rotation are listed 
in Table 2.2. We labeled these parametric increases in neural activity as a function 
of rotation MIp for motor imagery and VIp for visual imagery.  
Again, we distinguished between regions that were commonly modulated during 
MI and VI (MIp ∩ VIp) and regions showing specific task x rotation interactions 
(MIp > VIp). Common rotation-related activity across MI and VI tasks (MIp ∩ VIp) 
was present on the left occipito-temporal fissure (Figure 2.2A-B), bilaterally along 
the ventral portion of the intraparietal sulci, precentral gyri, left frontal operculum, 
and anterior cingulate sulcus. At lower statistical threshold (p < 0.05 corrected), 
there were responses along the cerebellum (-34, -60, -30) and the caudate 
nucleus (14, 0, 14). A steeper rotation-related increase of activity during MI than 
during VI (MIp > VIp) was found along the right occipito-parietal fissure, the dorsal 
intraparietal sulcus (Figure 2.2C-E), the left superior precentral sulcus (Figure 
2.2C-D), the right inferior precentral sulcus, the right anterior cingulate sulcus, and 
the right middle frontal sulcus. At lower statistical threshold (p < 0.05 corrected), 
there were responses along the cerebellar vermis (4, -62, -32). There was no 
stronger rotation-related activity during VI than MI (VIs > MIs).  
The common rotation-related activity (MIp ∩ VIp) found along the occipito-
temporal fissure  is near (< 9 mm) to hMT+/V5, the human visual motion complex  
(Amedi et al. 2002), and close (< 7 mm) to a cortical field that selectively responds 
to circular flow motion  (Morrone et al. 2000). Our occipito-temporal cluster is 
distant (> 12 mm) from regions involved in ocular pursuit (Dukelow et al. 2001; 
Petit and Haxby 1999). Our occipito-temporal cluster is also distant (> 28 mm) 
from superior temporal regions involved in performance of delayed responses, 
either in the context of arbitrary visuomotor associations (Toni et al. 2001b; Toni et 
al. 2002b) or in the context of imitative behavior (Decety et al. 2002; Iacoboni et al. 
2001c).  
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 Contrast Anatomical region Side Z-score Stereotactic  coordinates 
MIp ∩VIp Temporo-occipital fissure L 4.80 -46 -68 -6 
 
Caudal intraparietal 
sulcus R 4.53 34 -74 30 
 L 5.10 -42 -36 44 
 
Ventral intraparietal 
sulcus R 5.80 36 -40 38 
 L 4.26 -30 -50 54 
 
Dorsal intraparietal 
sulcus R 4.61 24 -60 54 
 L 5.02 -22 -12 48 
 
Superior precentral 
gyrus R 4.57 28 -8 48 
 
Anterior cingulate 
sulcus L 5.21 0 14 50 
 Frontal operculum L 5.43 -28 22 0 
       
MIp > VIp 
Occipito-parietal 
fissure R 4.93 26 -66 40 
 L 5.68 -26 -60 58 
 
Dorsal intraparietal 
sulcus R 5.09 26 -56 56 
 
Inferior precentral 
sulcus R 4.75 46 4 26 
 
Superior precentral 
sulcus L 4.36 -24 2 66 
 
Anterior cingulate 
sulcus R 4.40 6 20 44 
 Middle frontal sulcus R 4.76 34 44 38 
 
Table 2.2. Common (MIp∩VIp) and differential (MIp>VIp) rotation-related activities. 
 
 
Furthermore, the present data-set showed no significant (p < 0.05) rotation-related 
signals on VOIs centred on the local maxima reported in those studies (Decety et 
al. 2002; Iacoboni et al. 2001b; Toni et al. 2001b; Toni et al. 2002b). The common 
rotation-related activity (MIp ∩ VIp) found bilaterally along the ventral portion of 
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the intraparietal sulci (36, -40, 38; -42, -36, 44) is within variability range of human 
ventral intraparietal area VIP (Bremmer et al. 2001). The common rotation-related 
activity found bilaterally along the lateral portion of the intraparietal sulci (24, -60, 
54; -30, -50, 54) falls within the variability range of the human parietal eye fields 
(Berman et al. 1999). The common rotation-related activity found bilaterally along 
the superior precentral gyri (28, -8, 48; -22, -12, 48) falls within the variability 
range of the human frontal eye fields (Berman et al. 1999).  
The differential rotation-related activity (MIp > VIp) found in parietal and precentral 
cortex (Figure 2.2C-E) fall outside the variability range of the parietal and frontal 
eye fields (Berman et al. 1999). The differential rotation-related activity (MIp > VIp) 
observed in the right inferior precentral sulcus is near (< 10 mm) a human 
precentral field involved in polymodal motion processing (Bremmer et al. 2001). 
The differential rotation-related activity (MIp > VIp) found on the right middle 
frontal sulcus is within cytoarchitectonic-defined area 9/46 (Rajkowska and 
Goldman-Rakic 1995), in a region involved in response selection (Rowe et al. 
2000), but distant (> 19 mm) from a right prefrontal region involved in inhibitory 
control (Garavan et al. 1999; Konishi et al. 1999).  
Figure 2.2C-E illustrates the responses evoked in portions of left parietal and 
premotor cortex, showing differential rotation-related activity. During MI, both 
clusters show a strong response. There are also significant modulations of BOLD 
signal as a function of rotation, whereas there is no modulation of rotation during 
VI. In contrast to the comparable activity profiles evoked by MI, these two cortical 
regions showed differential responses during the VI task. The parietal cluster 
responded to the visual stimuli presented during VI. Conversely, the precentral 
cluster was silent during VI.  
We performed a further analysis on these two regions specifically involved in 
motor imagery, to test whether there is a direct relationship between behavioral 
and neural changes as a function of rotation. We exploited the fact that different 
subjects of our group showed differences in the speed of mental rotation, as 
parametrized by (linear and quadratic) increases in RTs as a function of rotation. 
Figure 2.3 shows that subject-by-subject variance in the behavioral rotation-
related effects was positively and significantly correlated with the neural rotation-
related effects during MI (posterior parietal cortex: r = 0.567, p = 0.027; precentral 
cortex: r = 0.550, p = 0.032), but not during VI (posterior parietal cortex: r = 0.049, 
p = 0.440; precentral cortex: r = -0.200, p = 0.266).  
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Response-related activity (MIr, VIr)  
Table 2.3 lists those cerebral regions with activity modulated by residual trial-by-
trial variability in RT (i.e., orthogonal to the rotation-related modulation of RTs). 
Regions that were equally modulated during performance of either task (MIr ∩ VIr) 
included the middle occipital gyri, the right intra-occipital sulcus, the left 
postcentral gyrus (Figure 2.2F-G), the left inferior and superior precentral gyri, and 
the right anterior cingulate sulcus. There was no significant differential activity for 
the comparisons MIr > VIr or VIr > MIr. The response-related activity found along 
the caudal and rostral banks of the central sulcus correspond to the 
morphologically and metabolically defined location of the hand area in primary 
motor cortex (Maldjian et al. 1999).  
The BOLD signal of the pre- and post-central clusters was not modulated by 
rotation, nor differentially affected by task (Figure 2.2F-G). Rather, it displays 
equal activity across rotation levels during both MI and VI. These regions show no 
1st or 2nd order rotation-related effects in either of the two tasks, and overlapping 
effects of task. 
 
Contrast Anatomical region Side Z-score Stereotactic  coordinates 
MIr ∩ VIr Intra-occipital sulcus R 4.95 22 -88 18 
 L 4.96 -38 -78 -6 
 
Middle occipital gyrus 
R 5.28 36 -76 22 
 Postcentral gyrus L 5.70 -46 -24 60 
 Central sulcus L 4.36 -38 -24 62 
 
Inferior precentral 
sulcus L 4.53 -54 4 34 
 
Superior precentral 
sulcus L 4.79 -30 -6 68 
 
Anterior cingulate 
sulcus R 4.81 6 12 52 
 
Table 2.3. Common (MIr∩VIr) response-related activities. 
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Figure 2.2 (previous page). Imaging results. (A) Anatomical localization and  (B) 
response profile of the left temporo-occipital fissure, showing an increase in activity 
with increasing rotation during both MI and VI (MIp∩VIp). (C) Anatomical localization 
and (D-E) response profile of  dorsal precentral and intraparietal clusters, showing 
larger rotation-related increases in activity with increasing rotation during MI than VI 
(MIp>VIp). (F) Anatomical localization and  (G) response profile of the left central 
sulcus, which was modulated by response times, but showed equal activity during 
MI and VI (MIr ∩VIr). 
 
 
 
 
Figure 2.3. Correlation between behavioral rotation-related increases and neural 
rotation-related increases. Plotted is the effect size of linear and quadratic increases 
in neural activity with rotation (neural effect size, a.u.) for each subject as a function 
of the effect size of linear and quadratic increase in reaction time with rotation 
(behavioral effect size, a.u.), for the precentral sulcus (A) and dorsal intraparietal 
sulcus (B).  
 
 34 
Discussion 
In this study we have used implicit motor imagery as at tool to investigate neural 
activity related to planning hand movements, yet independent from sensory or 
motoric events. In the following sections, we discuss our behavioral and neural 
findings, focusing on fronto-parietal responses and their interactions with occipito-
temporal activity. We conclude by elaborating on the relevance of these findings 
for current models of action planning  (Blakemore et al. 2002; Hommel et al. 2001; 
Milner and Dijkerman 2001).  
 
Behavioral performance 
We have used a mental rotation paradigm to induce motor and visual imagery 
(Kosslyn 1996). The tasks were performed with low error rates, indicating that the 
subjects were effectively engaged in the imagery tests. The RT profiles changed 
as a function of rotation (Figure 2.1B), indicating that the subjects used mental 
rotation to judge the laterality of hands (MI task) and letters (VI task). The rotation-
related modulation of performance differed across tasks, indicating that mental 
rotation in MI engaged additional resources as compared to VI. EMG recordings 
indicated that, apart from the required button press, subjects did not move their 
fingers or rotate their hands during tasks performance (Figure 2.1C). In summary, 
the MI task was solved independently from overt movements and it required 
additional cognitive motor processes over and above general imagery-related 
processes. The disproportionately longer RT observed at larger rotations requiring 
physically awkward arm postures suggests that biomechanical constraints played 
a significant role in the performance of the MI task. 
On the basis of this behavioral evidence, and considering that we did not instruct 
or train subjects to engage in motor or visual imagery, we can interpret rotation-
related neural activity that differed across tasks as reflecting motor cognitive 
processes, rather than task-related differences in strategic control, selective 
attention or working memory.  
 
Task complexity 
In light of the RT differences between MI and VI, one could ask whether the 
activation differences found are due to the recruitment of movement-specific 
representations or just the greater work required by the MI task. While absence of 
behavioral differences as well as behavioral corroboration seem to posit potential 
pitfalls for inference of neural activation data (Wilkinson and Halligan 2004), we 
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sought to tackle this potential confound by inspecting subject-by-subject variability 
in behavioral and neural effects across tasks. We argued that, provided there is a 
sizable overlap in the behavioral rotation-related effects evoked in individual 
subjects during MI and VI, the regions that we claimed to be specifically involved 
in movement representations should show a correlation between behavioral and 
neural effects across subjects during MI, whereas the correlation between 
behavior and neural responsivity should be absent during VI. Figure 2.3 shows the 
application of this rationale in two areas showing differential rotation-related 
modulation of neural activity. The functional relevance of these regions will be 
discussed below.  
 
Posterior parietal cortex  
In line with previous reports (Cohen et al. 1996; Richter et al. 2000; Wolbers et al. 
2003), we found large portions of the intraparietal sulcus (IPS) to be involved in 
mental rotation (Table 2.2). By manipulating type and load of imagery, we could 
highlight a dorso-ventral gradient of activity along the IPS. The ventral IPS clusters 
showed similar rotation-modulated responses during both MI and VI. Anatomically, 
these clusters fall close to the human equivalents of VIP (Bremmer et al. 2001) 
and LIP (Berman et al. 1999). Functionally, the response profiles of the ventral IPS 
clusters are compatible with the properties of macaque’s VIP and LIP, namely 
VIP’s sensitivity to circular optic flows (Schaafsma and Duysens 1996) and LIP’s 
involvement in saccadic eye movements (Barash et al. 1991). Similar rotation-
modulated effects were also found in occipito-temporal cortex (hMT+/V5, Figure 
2.2A-B) and frontal regions (hFEF). In the macaque, these cortical areas are 
connected to VIP-LIP (Boussaoud et al. 1990). 
Conversely, the dorsal IPS clusters showed rotation-modulated responses during 
MI but not during VI (Figure 2.2C-E). Anatomically, the position of these clusters 
along the human IPS is consistent with the location of the medial intraparietal area 
(MIP) along the IPS in the macaque (Colby et al. 1988). Functionally, the response 
profiles of the dorsal IPS clusters are compatible with the properties of macaque’s 
MIP, namely arm- and hand-centered visuo-proprioceptive receptive fields (Colby 
1998). Finally, MI-dependent rotation-modulated effects were found not only along 
the dorsal IPS, but also in dorsolateral premotor cortex, and in occipito-parietal 
regions (Table 2.2). In the macaque, these cortical areas are directly connected to 
MIP (Matelli et al. 1998). These results localize and detail cognitive motor 
processes, over and above generic imagery-related phenomena.  
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Examples of the latter are eye movements, known to constitute an essential 
component of imagery tasks (Laeng and Teodorescu 2002). The functional and 
anatomical characteristics of the ventral IPS signal are compatible with a role in 
controlling rotation-related eye movements common to both imagery tasks. 
Conversely, the dorsal IPS activity (Figure 2.2C-E) cannot be related to eye 
movements, being indifferent to stimuli rotation in VI but not in MI. It might be 
argued that the absence of rotation-related modulation of neural responses during 
VI in dorsal IPS is a floor effect due to different task difficulties between MI and VI. 
However, nearby regions, like the ventral IPS clusters, show a strong rotation-
related modulation of neural activity during VI. Furthermore, although different 
subjects of our group experienced different levels of difficulty during task 
performance (as parametrized by the increase in RTs as a function of rotation), 
this dorsal parietal region revealed a significant and positive correlation between 
behavioral and neural rotation-related effects during MI, but not during VI (Figure 
2.3A). 
Having excluded these alternative interpretations, it is conceivable to link this 
dorsal parietal response with specific MI-related neural processes, namely the 
integration of limb-related visual and somatosensory information. It has been 
shown  how the superior parietal lobule combines these sensory inputs for coding 
static arm position (Graziano et al. 2000). Here, we extend the scope of those 
findings to dynamic motor cognitive processes, localizing the effect to the dorsal 
portion of the middle third of the human IPS.  
 
Frontal cortex 
There has been mixed evidence concerning the involvement of premotor and 
motor cortex in imagery tasks (Bonda et al. 1995; Carpenter et al. 1999; Gerardin 
et al. 2000; Richter et al. 2000). By disambiguating imagery-related signals from 
activity associated with residual variability in response times, here we could 
functionally differentiate between prefrontal, central, and precentral activities. 
Neural activity at the junction between the superior frontal sulcus and the superior 
precentral gyrus [putative hFEF, (Berman et al. 1999; Paus 1996)] were equally 
modulated by rotation in both MI and VI. The response profile and the location of 
these frontal clusters is compatible with control of eye movements, rather than 
planning of hand movements. Conversely, the rotation-modulated precentral 
activity occurring during MI (Figure2.2C-D) cannot be related to eye movements or 
visuomotor processes. It can be argued that the relative ease of VI (as 
parametrized by the increase in RTs as a function of rotation) might have failed to 
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evoke significant neural responses in this region. However, while the behavioral 
speed of rotation observed during VI is half the speed observed during MI (Figure 
2.1B), the rotation-related modulation of dorsal precentral activity is null during VI 
but robust during MI (Figure 2.2D). Furthermore, despite the sizeable overlap in 
the behavioral rotation-related effects evoked in individual subjects during MI and 
VI, this precentral region revealed a significant and positive correlation between 
behavioral and neural rotation-related effects during MI, but not during VI (Figure 
2.4B). Therefore, it is likely that that the precentral response is specifically related 
to to the generation of motor plans. Electrical stimulation of the macaque’s 
precentral gyrus can evoke complex upper-limb movements (Graziano et al. 
2002). Here we confirm and extend those findings by having stimulated human 
precentral neurons through imagined movements rather than electrical currents.  
Neural activity around the knob of the central sulcus [hand region of M1 and S1, 
(Maldjian et al. 1999; Sastre-Janer et al. 1998)] was significantly correlated with 
the actual motor responses, but it neither showed any relationship with stimulus 
rotation, nor did it distinguish between motor and visual imagery (Figure 2.2F-G). 
This result indicates that, at the mesoscopic level of analysis of fMRI, putative 
primary motor cortex deals with movement execution, rather than motor planning. 
However, it remains to be seen whether this finding is limited to the current 
experimental setup, or whether it represents a general modus operandi of human 
primary motor cortex.  
Neural activity in the right inferior precentral sulcus increased as a function of 
rotation during motor imagery, but not during visual imagery. This response profile 
is compatible with the functional and anatomical characteristics of macaque’s 
premotor neurons clustered in front of the spur of the arcuate sulcus, namely arm-
centered, motion-sensitive visuo-tactile receptive fields (Fogassi et al. 1996; 
Graziano et al. 1997; Graziano and Gandhi 2000). Similar properties have 
emerged from the human inferior precentral cortex (Bremmer et al. 2001), in a 
location close (< 10 mm) to the present cluster. Our findings suggest that this 
region might not be concerned with processing sensory stimuli per se, but rather 
with evaluating their relevance for preparing an adequate motor response. 
Neural activity along the right middle frontal sulcus [putative human 46/9, 
(Rajkowska and Goldman-Rakic 1995)] revealed MI-dependent increases in 
neural activity with increasing rotation. It has been argued that motor imagery 
requires inhibition of overt movement (Jeannerod 1995), and the right prefrontal 
cortex has been implicated in inhibitory control (Garavan et al., 1999; Konishi et 
al., 1999). However, those responses are distant (>19 mm) from our site. Rather, 
the activity found in this area (46/9) is compatible with the role of this region in 
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selecting between competing responses (Hadland et al., 2001; Rowe et al., 2000), 
i.e. selection of the appropriate hand and corresponding covert movement during 
the MI task. 
 
Occipito-temporal cortex 
Previous studies have shown that extrastriate activity correlates with subjects’ 
perceptual experience, independently from the characteristics of the sensory 
inputs (Nichols and Newsome 2002; Tootell et al. 1995). By manipulating the 
amount of mental rotation while keeping the actual stimuli stationary, here we 
could isolate extrastriate signals independently from physical or perceived 
rotations of the visual stimuli. Neural activity around the occipito-temporal fissure 
[putative hMT+/V5, (Amedi et al. 2002)] showed overlapping rotation-modulated 
signals during both imagery tasks (Figure 2.2A-B). Incidentally, this result provides 
support to “depictive” accounts of visual imagery (Kosslyn 1996) by showing that 
mental rotation of stationary visual stimuli modulates neural activity in cortex 
sensitive to rotational optical flow (Graziano et al. 1994; Morrone et al. 2000). By 
the same token, our findings beg the question of whether and how such 
extrastriate activity contributes to the manipulation of action representations.  
Functional interactions between movement- and perceptual-related structures 
have been postulated by computational and cognitive models of motor control as a 
way to predict the sensory consequences of a planned movement (Hommel et al. 
2001; Wolpert and Ghahramani 2000). Here we localize these perceptuo-motor 
interactions to frontal and occipito-temporal regions, which are both part of the 
“dorsal” visuomotor stream (Milner and Goodale 1995). In this context, it can be 
noticed that the extrastriate activity reported in this experiment is spatially distinct 
from the posterior temporal responses reported in studies dealing with delayed 
responses, either in the context of arbitrary visuomotor associations (Toni et al. 
2001b; Toni et al. 2002b) or in the context of imitative behavior (Decety et al. 
2002; Iacoboni et al. 2001a). Accordingly, our findings provide further support for 
the hypothesis that delayed actions and immediate responses rely on different 
neural circuits (Milner and Dijkerman 2001; Rossetti and Pisella 2002). 
 
Conclusions 
We have characterized topography and content of neural correlates of action 
planning, and dissociated them from neural responses to external events by virtue 
of an implicit motor imagery task. We have confirmed that posterior parietal and 
precentral regions are involved in specifying intended actions (Kalaska and 
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Crammond 1995; Snyder et al. 1997; Toni et al. 2001b). We have provided novel 
evidence supporting the notion that while the superior parietal lobule combines 
somatosensory and visual information, the dorsal precentral gyrus generates 
motor plans, and primary motor cortex deals with movement execution.  
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POSTURE INFLUENCES MOTOR IMAGERY 
 
Chapter 3 
 
 
Abstract 
Motor imagery is widely used to study cognitive aspects of the neural control of 
action. However, what is exactly simulated during motor imagery is still a matter of 
debate. On the one hand, it is conceivable that motor imagery is an embodied 
cognitive process, involving a simulation of movements of one’s own body. The 
alternative possibility is that, although motor imagery relies on knowledge of the 
motor processes, it does not entail an actual motor simulation that is influenced by 
the physical configuration of one’s own body. Here we discriminate between these 
two hypotheses, in the context of an established motor imagery task: laterality 
judgments of rotated hand drawings. We found that reaction times of hand 
laterality judgments followed the biomechanical constraints of left or right hand 
movements. Crucially, the position of subjects’ own left and right arm influenced 
laterality judgments of left and right hands. In neural terms, hand laterality 
judgments activated a parieto-frontal network. The activity within this network 
increased with increasing biomechanical complexity of the imagined hand 
movements, even when the amount of stimulus rotation was identical. Moreover, 
activity in the intraparietal sulcus was modulated by subjects’ own hand position: a 
larger incongruence in orientation between the subjects’ hand and the stimulus 
hand led to a selective increase in intraparietal activity. Our results indicate that 
motor imagery generates motor plans that depend on the current configuration of 
the limbs. This motor plan is calculated by a parieto-frontal network. Within this 
network, the posterior parietal cortex appears to incorporate proprioceptive 
information related to the current position of the body into the motor plan. 
 
 
 
 
 
 
This chapter is a modified version of: de Lange FP, Helmich RC, Toni I. (2006). 
Neuroimage, 33, 609-617.   
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Introduction 
It is widely held that imagining performing an action and actually performing the 
action rely on partly overlapping mechanisms. However, the exact nature of the 
relationship between imagined and executed movements remains controversial. In 
particular, it is not well understood what is simulated during motor imagery. Is it a 
simulation of a movement of one’s own body (Jeannerod 1994) or is it a more 
abstract implementation of general kinematic rules of biological motion (Fitts and 
Peterson 1964; Viviani and Schneider 1991)? If motor imagery entails a simulation 
of one’s own body movements, then this simulation should depend not only on the 
action requirements but also on the configuration of one’s own body in space. This 
would be an instance of embodied cognition (Gallese 2003). Conversely, if motor 
imagery entails a simulation of a third person’s body movement, or merely the 
selection of an action’s goal, then this simulation would require knowledge of the 
motor processes involved, but no actual motor simulation. This would be an 
instance of a cognitive process that is independent from the contingent physical 
characteristics of the agent.  
The issue whether motor imagery is embodied remains controversial. Some 
studies observed an influence of hand posture on motor imagery (Nico et al. 2004; 
Parsons 1987b; Shenton et al. 2004; Sirigu and Duhamel 2001; Vargas et al. 
2004). Other studies, using hemiplegic patients, showed that motor simulations 
can be successfully carried out in absence of the ability to produce these actions 
(Johnson 2000; Johnson et al. 2002b). The issue goes well beyond the 
boundaries of motor imagery: movement simulation is a process at the basis of 
several models of motor planning (Wolpert and Ghahramani 2000), action 
observation (Jeannerod 2001), and social cognition (Gallese et al. 2004; Jacob 
and Jeannerod 2005), and it is therefore relevant to precisely define the 
characteristics of this process. In this study we test these contrasting predictions, 
both at the behavioral and at the neural level, in the context of a well established 
imagery task: the hand laterality judgment task. 
Psychophysical studies suggest that, when subjects observe a hand in a certain 
orientation and have to decide whether it is a left or a right hand, they solve this 
task by imagining their own hand moving into the stimulus orientation for 
comparison (Parsons 1987b; Parsons 1994; Sekiyama 1982). These studies 
found that the time required for a hand laterality judgment is similar to the time 
taken to execute a corresponding movement. Crucially, the trajectory imagined 
during laterality judgments of left and right hands is strongly influenced by the 
biomechanical constraints of actual left-hand and right-hand movements. A series 
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of neuroimaging experiments also suggests a large cognitive and neural overlap 
between the hand laterality judgment task and execution of actions (de Lange et 
al. 2005; Parsons 1994; Parsons et al. 1998; Rumiati et al. 2001; Sekiyama 1982; 
Tomasino et al. 2003). On the basis of these findings, the hand laterality task is 
taken as an instance of motor imagery rather than a purely visual mental rotation 
task, and it has been extensively used to study cognitive aspects of the action 
system in a range of motor-related neuropathologies (de Lange et al. 2004; Fiorio 
et al. 2006; Johnson 2000; Schwoebel et al. 2001; Tomasino et al. 2003). 
In this study, we test for the embodied nature of movement simulation, as 
operationalized by the hand laterality task, both at the behavioral and at the neural 
level. First, we used fMRI to identify which regions increase their neural activity 
with increasing biomechanical complexity of the imagined movement, even when 
the amount of stimulus rotation is identical. Our approach exploits the fact that 
rotating right hands in clockwise orientations requires biomechanically more 
complex movements than counterclockwise rotations, whereas the opposite holds 
true for left hands (Parsons 1994). This novel approach (in the context of 
neuroimaging) allows to identify the network that is specifically involved in 
imagined hand movements, while avoiding the interpretational and methodological 
problems that arise when using a secondary task to control for visuospatial 
processes only loosely related to movement simulation (de Lange et al. 2005; 
Kosslyn et al. 1998). Second, we assessed to what extent the hand laterality 
judgment task entails motor simulations of one’s own body, by probing the 
influence of posture on performance of this task. For this, we manipulated the 
posture of subjects left and right hand, independently. If motor imagery evokes 
motor simulations of one’s own body, then the current position of the left and right 
hand should have an effector-specific effect on behavioral performance. Moreover, 
this should influence the activity of the neural architecture subserving the 
integration of postural information in the motor plan.  
 
Methods 
Subjects 
Seventeen healthy male participants (age 24±3 years, mean±SD) took part in the 
study after giving written informed consent according to institutional guidelines of 
the local ethics committee (CMO region Arnhem-Nijmegen, the Netherlands). All 
participants were consistent right-handers (Edinburgh Handedness Inventory 
(Oldfield 1971) score 88±14 %, mean±SD).  
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Stimuli 
We used line drawings of left and right hands, viewed from the palm and from the 
back. As illustrated in Figure 1A, four drawings of left hands and right hands at 
different orientations (upright: 0°; counterclockwise (CCW):  -45°, -90°, -135°;  
clockwise (CW): +45°, +90°, +135°; or upside-down: 180°) were used, giving rise 
to a set of 64 stimuli. These stimuli were presented through a PC running 
Presentation software (Neurobehavioral systems, Albany, USA). They were 
projected onto a screen at the back of the scanner and seen through a mirror 
above the subjects’ heads. The stimuli subtended a visual angle of ~10°. 
 
Experimental time course and procedures 
The subjects’ task was to report whether the hand drawing on display represented 
a left hand or a right hand (regardless of its orientation) by pressing one of two 
buttons attached to their left or right big toe. The stimuli were serially presented to 
the subjects in a random order. During scanning, the subjects’ left and right foot 
were firmly attached to an MR-compatible button box, and reaction times and error 
rates were measured for subsequent behavioral analysis. Before the start of the 
scanning session, participants were trained to perform the task adequately, both 
outside the scanner (64 trials) and inside the scanner (48 trials). 
The imaging session consisted of 30 task blocks intermixed with 30 baseline 
periods. At the beginning of each block, a cartoon instructed the subjects to 
position their arms in one of three postures: 1) both arms extended [i.e., in a 0° 
orientation]; 2) the left forearm flexed [i.e., in a CW orientation]; 3) the right 
forearm flexed [i.e., in a CCW orientation]. To facilitate the positioning of the left 
and right forearms and to ensure that they were consistently placed in the same 
position, we placed a marker on the chest of the subjects, such that the arm 
flexion stopped when the hand reached the marker. The period during which the 
cartoon was displayed and the postural adjustment took place (6 sec) was 
followed by a baseline period (10 sec) during which a fixation cross was displayed 
on the screen. Then, the subject carried out a block of 16 consecutive trials. Each 
trial started with a fixation cross, displayed for a variable interval (1.5 – 2.5 sec), 
followed by the presentation of a hand drawing. After the subject responded by 
pressing either the right or left big toe, the visual stimulus was replaced by the 
baseline fixation cross till presentation of the next hand drawing. Orientation and 
laterality of the hand drawings was randomized from trial to trial. On the basis of 
pilot data, the reaction time cut-off was set at 3 sec. In total, each subject 
performed 480 trials (3 postures x 2 hands x 8 orientations x 10 replications), with 
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a total scanning time of ~35 minutes. During the whole experiment, the subjects 
were lying supine in the scanner, facing the bore of the magnet, unable to see 
their hands. After the experiment, the subjects filled out a questionnaire 
concerning awareness of task strategy and effects of the postural manipulation on 
task performance. 
 
Behavioral analysis 
We investigated the influence of stimulus laterality, stimulus orientation, and arm 
posture on reaction time (RT). We focused our analysis on trials with CCW and 
CW stimulus orientations, since these orientations are identical in terms of the 
amount of stimulus rotation but differ in biomechanical complexity. We formalized 
our behavioral analysis in a 2 × 2 × 3 repeated-measures ANOVA with RT as a 
dependent variable. LATERALITY (2 levels: left vs. right), stimulus ORIENTATION (2 
levels: CCW vs. CW) and POSTURE (3 levels: arms extended, left arm in CW 
orientation, right arm in CCW orientation) were the independent factors. When 
interactions were significant, the simple main effects were investigated by post-
hoc simple T-tests. The alpha-level of all behavioral analyses was set at p < 0.05, 
univariate approach. 
 
Image acquisition 
Functional images were acquired on a Siemens TRIO 3.0 T MRI system 
(Siemens, Erlangen, Germany) equipped with echo planar imaging (EPI) 
capabilities, using the standard head coil for radio frequency transmission and 
signal reception. Blood oxygenation level-dependent (BOLD) sensitive functional 
images were acquired using a single shot gradient EPI-sequence (TE/TR = 
30/2200 ms; 32 axial slices, voxel size = 5.5 x 3.5 x 3.5 mm; FOV = 224 mm). 
High-resolution anatomical images were acquired using a MP-RAGE sequence 
(TE/TR = 4.43/1960 ms; voxel size = 1.0 x 1.0 x 1.0 mm, 176 sagittal slices; FOV 
= 256 mm).  
 
Image analysis 
Functional data were pre-processed and analyzed with SPM2 (Statistical 
Parametric Mapping, www.fil.ion.ucl.ac.uk/spm). First, functional images were 
spatially realigned using a sinc interpolation algorithm that estimates rigid body 
transformations (translations, rotations) by minimizing head-movements between 
each image and the reference image (Friston et al. 1995c). Subsequently, the 
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time-series for each voxel was realigned temporally to acquisition of the middle 
slice. Images were normalized to a standard EPI template centered in Talairach 
space (Ashburner and Friston 1999) by using 12 linear parameters (translation, 
rotation, zoom, and shear) and resampled at an isotropic voxel size of 2 mm. The 
normalized images were smoothed with an isotropic 10 mm full-width-at-half-
maximum Gaussian kernel. Anatomical images were spatially coregistered to the 
mean of the functional images (Ashburner and Friston 1997) and spatially 
normalized by using the same transformation matrix applied to the functional 
images. The ensuing pre-processed fMRI time series were analyzed on a subject-
by-subject basis using an event-related approach in the context of the General 
Linear Model. For each trial, square-wave functions were constructed with a 
duration that corresponded to the mean reaction time of the subject. The 
haemodynamic responses generated by each explanatory variable were modeled 
by convolving these square-wave functions with a canonical haemodynamic 
response function (Friston et al. 1995c).  
 
 
 
 
 
Figure 3.1. Behavioral performance. (A) Reaction times (mean + SEM) for laterality 
judgments of left hands (LH, grey diamonds) and right hands (RH, black squares). 
Stimuli could be presented upright (0º), counterclockwise (CCW), clockwise (CW), or 
upside down (180º). (B) Behavioral effect of posture. Reaction times for CW and CCW 
orientations for the left and right hand, as a function of subjects’ own arm posture.  
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igure 3.2. Imaging results. Response profile (left column) and anatomical
localization (right column) of regions that modulated their activity by biomechanic
constraints (A: left PMd; B: right PMd; see C) and by general movement-relat
effects (D: left M1; E: right M1; see F). 
 
F  
al 
ed 
Finally, the statistical model included separate regressors of no interest, modeling 
the period in which the subject changed posture, incorrect and missed responses, 
residual head movement-related effects, and low-frequency signal drifts over time. 
Parameter estimates for all regressors were obtained by maximum-likelihood 
estimation, using a temporal high-pass filter (cut-off 60 s), and modeling temporal 
autocorrelation as an AR(1) process. Linear contrasts pertaining to the main 
effects of the factorial design were calculated. Contrasts of the parameter 
estimates for the 24 main effects (3 POSTURES × 2 HAND LATERALITIES × 4 
ORIENTATIONS) constituted the data for the second-stage analyses, which treated 
participants as a random effect (Friston et al. 1999b). 
The analysis of biomechanical complexity on neural activity considered the 
LATERALITY of the stimulus (2 levels: left hand, right hand) and the stimulus 
ORIENTATION (4 levels: 0º, CCW, CW, 180º) as independent explanatory variables. 
To assess which neural structures were implicated in the behaviorally observed 
effect of posture, we performed a 2 x 2 factorial analysis, with the factors POSTURE 
(2 levels: “arms stretched” vs. “left/right arm flexed in medial orientation”) and 
stimulus ORIENTATION (2 levels: medial vs. lateral). Medial orientations are 
orientations of the hand towards the midline of the body (CW for the left hand, 
CCW for the right hand), whereas lateral orientations are orientations away from 
the midline of the body (CCW for the left hand, CW for the right hand).  
 
Statistical inference 
First, we isolated regions that were showing increases in neural activity with 
increasing biomechanical complexity of imagined movements for both the left and 
the right hand. To this end, we created separate Statistical Parametric Maps 
(SPMs) of the t statistics (t-contrasts) for each hand. More specifically, we tested 
for BOLD changes that followed the biomechanical constraints of the right hand 
[0° < CCW < CW < 180°], as indicated by the corresponding behavioral data (Fig. 
3.1A, black squares); and for BOLD changes that followed the biomechanical 
constraints of the left hand [0° < CW < CCW < 180°] indicated by the 
corresponding behavioral data (Fig. 3.1A, grey diamonds). We then tested the 
conjunction null hypothesis that there was no effect in any of the two SPMs 
(Nichols et al. 2005) , using a voxel-level family-wise error (FWE) threshold of p < 
0.05 corrected for multiple comparisons across the whole brain. The ensuing SPM 
identified regions in which there was a significant increase in BOLD signal as a 
function of orientation for both left and right hands, according to their specific 
biomechanical constraints. We investigated effects of stimulus LATERALITY and 
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ORIENTATION by a 2 × 2  repeated measures ANOVA following the same approach 
described above for the analysis of behavioral data within the four regions that 
were isolated by this contrast. 
Second, we assessed whether there were modulations of neural activity as a 
function of the subject’s own arm posture. More specifically, we tested which 
regions showed significantly higher activity during motor imagery of stimuli in a 
lateral orientation, when the subjects’ arm posture was flexed in a medial position, 
compared to when the subjects’ arm posture was in a neutral position. Since the 
behavioral effect of posture was very similar across the left and the right hand, for 
this analysis we collapsed across the left and the right hand. Furthermore, a priori 
 either the 
ft or right big toe) on cerebral activity. Under the assumption that regions 
g the execution of big toe movements are not involved in 
anatomical information from previous studies (de Lange et al. 2005; Johnson et al. 
2002a) as well as the (orthogonal) contrast in this dataset showed that the 
intraparietal sulcus and dorsal precentral sulcus are implicated in imagined 
actions. Therefore, we could use this prior information to constrain our search 
space (Friston et al. 2006). Accordingly,  we defined a search volume comprising 
spheres of 10 mm around these regions  and corrected our results for multiple 
comparisons using a FWE threshold of p<0.05 within this search volume (Worsley 
et al. 1996). We also performed a whole-brain analysis to assess for modulations 
of neural activity outside of our search volume.  
Finally, we investigated the influence of response execution (flexion of
le
involved in controllin
controlling imagined hand actions, this contrast provides us with a further internal 
control to test for the anatomical and functional specificity of the orientation and 
postural effects on cerebral activity identified in the previous two analyses. This 
analysis was implemented by creating an SPM of the F statistics  coding for 
differential effects of LATERALITY (i.e., following presentations of left and right 
hands drawings), irrespectively of ORIENTATION and POSTURE.  
 
Anatomical inference 
Anatomical details of significant signal changes were obtained by superimposing 
the SPMs on the structural images of the subjects. The atlas of (Duvernoy et al. 
1991) was used to identify relevant anatomical landmarks. When applicable, 
Brodmann Areas were assigned on the basis of the SPM Anatomy Toolbox 
(Eickhoff et al. 2005), i.e. the anatomical position of our significant clusters and 
local maxima was formally tested against published three-dimensional probabilistic 
cytoarchitectonic maps. 
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Results 
Behavioral performance – HAND LATERALITY and ORIENTATION effects 
ation for left and right hand stimuli 
wn right hand in a 
CW orientation (Fig. 2B, open black squares/dashed black line), solving 
right hands in CW orientations became more difficult 
Subjects accurately engaged in the hand laterality judgment task (mean error rate 
2±1%). As illustrated in Figure 3.1A, RTs increased with increasing rotation of the 
hand drawings. Identification of right hands was significantly faster than 
identification of left hands (main effect of HAND LATERALITY: F(1,16)=26.8; p<0.001). 
Furthermore, the RT profile was qualitatively different for left and right hand 
stimuli: left hand stimuli were easier to judge in CW than in CCW orientations, 
whereas the reverse was true for right hand stimuli (HAND LATERALITY × 
ORIENTATION interaction: F(1,16)=11.9; p=0.003). This observation suggests that 
biomechanical constraints also apply to imagined hand movements, and 
corroborates previous research showing that mental rotation of hands involves the 
act of imagining one’s own hand from its current position to the stimulus 
orientation for comparison (Parsons 1994). 
 
Behavioral performance – POSTURE effects 
Figure 3.1B shows RTs for CCW and CW orient
separately, and for the different postures of the left and right arms. As stated 
before, CCW orientations were more difficult than CW orientations for left hands 
(F(1,16)=7.12; p=0.017) whereas CW orientations were more difficult than CCW 
orientations for right hands (F(1,16)=14.0; p=0.002). Crucially, these effects were 
modulated by subjects’ posture. When subjects put their own left hand in a CW 
orientation (Fig. 3.1B, open grey diamonds/dashed grey line), solving imagined 
actions for left hands in CCW (opposite) orientations became more difficult 
(POSTURE × ORIENTATION interaction: F(1,16)=5.97; p=0.027; post-hoc test for CCW: 
F(1,16)=6.02; p=0.026). Analogously, when subjects put their o
C
imagined actions for 
(POSTURE × ORIENTATION interaction: F(3,48)=6.49; p=0.022; post-hoc test for CW: 
F(1,16)=4.78; p=0.044).  
Post-scanning interviews showed that subjects either failed to notice (60% of the 
subjects) or to explain (40% of the subjects) how posture influenced performance 
in either task, emphasizing the implicit nature of the imagined actions and the 
influence of the posture of one’s own body on this process. 
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Cerebral activity – HAND LATERALITY and ORIENTATION effects  
anges in BOLD signal as a stimulus 
iomechanical 
ts was also found in the left PMd (Fig 
.2A; HAND LATERALITY × ORIENTATION interaction: F(1,16)=9.22; p=0.008). However, 
ght PMd, the left PMd cluster was not 
influenced by the  of the hand drawings (F =0.48; p=0.50), but 
ted for search volume) for stimuli in lateral orientations 
t hands, CW for right 
ands) when the subjects’ own hand is in a medial position (CW for left hands, 
CW for right hands).  
We tested for significant ch  function of 
orientation for both left and right hands, according to their specific b
constraints. In line with previous results, this effect occurred in a restricted 
cerebral network (Fig. 3.2A-C), centered around the intraparietal sulcus (IPS) and 
the dorsal precentral sulcus of both hemispheres. The precentral clusters fall 
rostral to the probability range of BA4a, and within the probability range (20-40%) 
of BA6 (Eickhoff et al. 2005). Therefore, they can be labeled as dorsal premotor 
cortex (PMd). The intraparietal clusters fall caudal to the probability range of BA2.  
Right PMd (Fig. 3.2B) showed significantly stronger responses when a left hand 
picture was presented, as compared to when a right hand picture was presented 
(F(1,16)=67.4; p<0.001). Furthermore, the activity of this region varied according to 
the arms’ biomechanical constraints, showing different orientation effects for left 
and right hands (HAND LATERALITY × ROTATION interaction: F(1,16)=20.3; p<0.001). A 
significant effect of biomechanical constrain
3
in contrast to the response pattern of the ri
LATERALITY (1,16)
instead showed a comparable level of activity during trials involving left and right 
hands (Fig. 3.2A). Right IPS showed a response profile similar to that of right 
PMd, with significantly higher activity following the presentation of left hand 
drawings (F(1,16)=7.37; p=0.015) and a significant HAND LATERALITY x ORIENTATION 
interaction (F(1,16)=28.0; p<0.001). Left IPS showed a similar response as left PMd, 
with no significant effect of HAND LATERALITY (F(1,16)=2.39; p=0.142) but a significant 
HAND LATERALITY × ORIENTATION interaction (F(3,48)=20.9; p<0.001).  
 
Cerebral activity – POSTURE effects 
A 2 x 2 factorial analysis with the factors POSTURE (2 levels: “arms stretched” vs. 
“left/right arm flexed in medial orientation”) and stimulus ORIENTATION (2 levels: 
medial vs. lateral) showed increased neural activity in the left IPS ([-24,-56,56]; T 
= 3.56, p=0.032 correc
when the subjects’ own hand was flexed in a medial position, compared to when 
the subjects’ own hand was in a neutral position (Figure 3.3). This finding is in 
close correspondence with the behaviorally observed effect of posture, i.e. longer 
RTs for hand stimuli in a lateral orientation (CCW for lef
h
C
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Contrast Anatomical region Side T-value p-value Stereotactic  coordinates 
L 4.8 0.024 -18 -66 48 LHBMC ∩ 
RHBMC
Dorsal intraparietal 
sulcus R 5.1 0.014 20 -66 52 
 L 6.3 <0.001 -24 -8 54 
 
Dorsal precentral 
sulcus R 6.9 <0.001 30 -8 56 
        
LH > RH Central sulcus R 14.2 <0.001 12 -32 74 
 Parietal operculum R 7.6 <0.001 34 -20 14 
 Cerebellum (lobus 
centralis) L 10.7 <0.001 -14 -38 -32 
        
RH > LH Central sulcus L 15.8 <0.001 -8 -34 72 
 Parietal operculum L 7.5 <0.001 -32 -24 16 
 Cerebellum (lobus 
centralis) R 6.7 <0.001 20 -32 -34 
 
Table 3.1. Spatial coordinates of the local maxima of regions showing a modulation 
of activity as  function of biomechanical constraints during both left and right 
hands (LHBMC ∩ RHBMC), and of regions showing general task-related differences 
between motor imagery of left hands and right hands (LH>RH, RH>LH). All results 
are corrected for multiple comparisons across the whole brain using a FWE-
correction methods with a threshold of p<0.05. 
 a
10; see Fig. 3.2D-F).  
 
Cerebral activity – Execution-related effects 
Finally, we assessed the activation profiles and anatomical localization of brain 
regions related to response execution (Fig. 3.2D-F), i.e. the flexion/extension of 
the big toes used to report the laterality judgment required by the task. When 
subjects responded by moving the right or left foot, we observed activity in the 
contralateral primary motor cortex (medial wall, around the leg area) and 
secondary somatosensory cortex (parietal operculum PO1 & PO2; 70-90% 
probability range), as well as in ipsilateral cerebellum (all p-values <0.001). A 
complete list of activated regions is given in Table 3.1. Notably, there was neither 
an effect of ORIENTATION nor a HAND LATERALITY × ORIENTATION interaction in these 
regions (all p-values >0.
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Discussion 
This study investigated the neural mechanisms of simulated movements, and 
assessed the embodied nature of this process. Behavioral data supported the 
hypothesis that postural information influenced the motor imagery process. In 
neural terms, two regions increased their activ
im
intraparietal sulcus and the dorsal premotor c
and frontal regions are involved in the transformation of motor variables from 
external to internal coordinate systems (Scott et al. 1997; Scott and Kalaska 1997; 
Sergio and Kalaska 2003). Within this network, only the intraparietal sulcus 
changed its imagery-related activity as a function of subjects’ own arm posture. 
This result suggests that, even within the largely recurrent computational 
architecture of the parieto-frontal network (Burnod et al. 1999; Johnson et al. 
1996), the posterior parietal cortex might have a privileged role for incorporating 
somatosensory information on the current body’s position into a motor plan 
(Andersen et al. 1997). In the following sections, we discuss our behavioral and 
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imaging results, elaborating on the implications of these findings for current 
models of action simulation (Gallese and Goldman 1998; Oztop et al. 2005). 
 
Behavioral effects  
Reaction times were a function of the biomechanical complexity of the imagined 
movements induced by the hand-laterality judgment task, rather than a monotonic 
function of the rotation of the hand drawings. Right hands that were rotated in a 
CW direction were more difficult than when they were rotated in a CCW direction. 
For left hands, the pattern was the opposite (Fig. 3.1). Since subjects’ 
performance revealed a preferred direction of rotation that was tuned to the 
laterality of the hand drawing on display, we can exclude that subjects solved the 
task by mentally rotating i) the same hand across trials (e.g. their dominant hand), 
or ii) either hand at random. These alternative ways of solving the task would have 
resulted in i) a systematic preference for one of the rotation directions, or ii) no 
reference whatsoever. Overall, our results corroborate previous findings and 
nd the direction of the effect was consistent with the 
position of the forearms. When subjects put their left or right arm in the 
ly easier orientation (CW for left hands, CCW for right hands), the 
cerebral activity in dorsal intraparietal and premotor regions. These regions 
p
indicate that subjects were simulating a hand movement, rather than performing a 
visual mental rotation of the hand drawing.  
Notably, the position of the subjects’ forearms influenced their performance in an 
fector-specific manner, aef
biomechanical
identification of the left or right hand in opposite, biomechanically complex 
orientations was more difficult (Figure 3.1B). This postural effect was not related to 
direct visual information of the subjects’ own hands, given that the subjects were 
unable to see their own hands. The effect was not driven by sensory feedback 
during ongoing movements, as subjects did not move their arms during the 
imagery task. Also, the postural effect cannot be a generic by-product of posture 
(i.e. subjects’ comfort or limb’s position awareness), since the effect was an 
interaction between the posture of the subject’s own hand, the laterality of the 
hand shown on the screen, and the orientation of the hand shown on the screen. 
These behavioral results extend and detail the effects of posture on behavioral 
performance observed in earlier reports that manipulated the posture of both limbs 
simultaneously (Parsons 1994; Sirigu and Duhamel 2001). 
 
Cerebral effects 
Biomechanical complexity of the imagined movements significantly modulated 
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showed stronger responses following presentation of left hands drawings in CCW 
orientations (w.r.t. to CW orientations), while the opposite pattern emerged 
following presentation of right hands drawings. This effect was restricted to the 
r planning network: contiguous primary somatomotor regions 
es simulated actions; 
lthough the postural manipulation was irrelevant to correctly solving the task, it 
formance (Fig. 3.1B). This finding appears relevant for motor 
parieto-frontal moto
responded to actual movements of the big toes, but not to the orientation and 
laterality of the hand drawings (Fig. 3.2D-F). The cerebral effect showed a degree 
of lateralization: right intraparietal and premotor activity showed higher activity for 
motor imagery of the contralateral left hand, while the corresponding regions on 
the left hemisphere showed equal levels of activity for imagined movements of left 
and right hands. The cerebral effect could not be driven by attentional or 
oculomotor factors, since these factors were not related to hand biomechanical 
constraints and laterality. Taken together, our imaging results confirm that mental 
simulation of hand movements depend on motor processes (Gerardin et al. 2000), 
and show a degree of lateralization. This finding extends the left-hemispheric 
dominance found for selecting and preparing actual motor responses (Schluter et 
al. 1998; Schluter et al. 2001; Verstynen et al. 2005) to imagined hand 
movements.  
Within the parieto-frontal motor planning network, only the intraparietal sulcus was 
sensitive to the manipulation of posture: when there was a larger incongruence 
between arm posture and the stimulus orientation, there was increased activity in 
this region, but not in the premotor cortex. The larger computational load to merge 
the proprioceptive arm-related information with the motor plan thus seems to be 
calculated in the parietal cortex. This finding supports the notion that the posterior 
parietal cortex integrates both sensory signals from many modalities (e.g. visual, 
proprioceptive, auditory and vestibular) and efferent copy signals from motor 
structures (Andersen et al. 1997) during the generation of a motor plan, in order to 
generate an estimate of the movement end-point (Desmurget et al. 1999). This 
simulation may then be forwarded to the dorsal premotor cortex for selection of the 
appropriate motor plan, as suggested by the Prospective Action Model (Johnson 
et al. (2002a).  
 
Implications and predictions 
We have shown that body posture obligatorily influenc
a
could impair per
theories of perception that rely on tight links between planning and observation of 
actions (Calvo-Merino et al. 2005; Oztop et al. 2005). If observation of actions 
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were to amount to the retrieval of a motor program that can reproduce them, and 
tap into the same processes as imagery of actions, we would expect that action 
observation should be influenced by the body configuration of the observer. 
Alternatively, if action observation depends on extracting action goals (Fogassi et 
al. 2005; Wohlschlager et al. 2003) and thus relies on different functional 
mechanisms than action simulation, then action observation should not be 
necessarily bound to the posture of the observer.  
 
Conclusions  
Mental rotation of left and right hands followed the biomechanical constraints of 
the left and right hand, and showed increases obeying these constraints in a 
specific bilateral parieto-frontal circuit. Within this circuit, the right hemisphere was 
preferentially activated for left hand movements, whereas the left hemisphere was 
active for both left and right hands. Moreover, behavioral performance and activity 
in the intraparietal sulcus was influenced by subjects’ own arm posture. These 
findings illustrate the embodied nature of imagined movements and point to a 
specific cerebral site for integrating different sources of information during 
movement simulation. 
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INTERACTIONS BETWEEN POSTERIOR GAMMA AND PRECENTRAL 
BETA OSCILLATIONS DURING MOTOR IMAGERY 
Chapter 4 
 
Abstract 
Several studies have revealed that posterior parietal and frontal regions support 
planning of hand movements but far less is known about how these cortical 
regions interact during the formation of a movement plan. Here, we have used 
magnetoencephalography (MEG) to investigate oscillatory interactions between 
posterior and frontal areas during the performance of a well-established motor 
imagery task that evokes movement plans: mental rotation of hands. Motor 
imagery induced a power suppression in the alpha- and beta-band over the 
precentral gyrus and a power increase in the gamma band over bilateral occipito-
parietal cortex. During motor imagery of left hand movements, there was stronger 
alpha- and beta-band suppression over the right precentral gyrus. The duration of 
these power changes increased, on a trial-by-trial basis, as a function of the 
motoric complexity of the imagined actions. Crucially, during a specific period of 
the movement simulation, the power fluctuations of the precentral beta-band 
oscillations became coupled with the occipito-parietal gamma-band oscillations. 
Our results provide novel information about the oscillatory brain activity of 
posterior and frontal regions. The persistent functional coupling between these 
regions during the task emphasize the importance of sustained interactions 
between precentral and occipito-parietal areas during the formation of a motor 
plan. 
 
 
 
 
 
 
 
 
 
 
This chapter is a modified version of: de Lange FP, Jensen O, Bauer M, Toni I. 
(submitted).  
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Introduction 
Several studies have shown that the selection and preparation of hand 
movements is supported by posterior parietal and frontal regions (Deiber et al. 
1996; Thoenissen et al. 2002). However, far less is known about how and when 
these regions interact during the formation of a movement plan. To address this 
issue, it is important to disentangle planning-related activity from the effects of 
motor execution and sensory feedback. A fruitful approach to studying movement 
planning in absence of motor execution and sensory feedback is to use motor 
imagery. This approach is supported by the considerable cognitive overlap 
between planning and imagining to carry out an action (Jeannerod 1994). 
Moreover, imaging studies have observed activity in similar portions of posterior 
parietal and frontal regions during motor imagery of hand movements and during 
action selection and preparation (de Lange et al. 2005; Johnson et al. 2002a; 
Parsons et al. 1995).  
We have used magnetoencephalography (MEG) to investigate the interactions 
between posterior and frontal areas during the performance of a well-established 
motor imagery task: mental rotation of hands (Parsons 1987b; Parsons 1994; 
Sekiyama 1982). We hypothesized that, if posterior and frontal areas are jointly 
engaged in the formation of a motor plan, there should be increased functional 
connectivity between these regions during motor imagery. Previous 
electrophysiological studies have characterized changes in functional connectivity 
in terms of long-distance neuronal coherence and oscillatory phase-
synchronization (Bressler 1995; Fries 2005; Varela et al. 2001). Oscillatory brain 
responses are a temporally sensitive index of brain dynamics (Hari and Salmelin 
1997; Salinas and Sejnowski 2001; Singer 1999) that characterize both evoked 
(phase-locked) and induced (non-phase-locked) components of neural activity 
(Tallon-Baudry and Bertrand 1999). In contrast, electrophysiological methods 
averaging single trial responses to external stimuli may, due to poor temporal 
phase-locking, miss the neural dynamics of an internally generated phenomenon 
like motor imagery (Jeannerod 2006). Accordingly, several electrophysiological 
studies of motor imagery have focused on oscillatory neural responses, identifying 
imagery-related power reductions in the alpha- and beta-band over motor and pre-
motor areas (McFarland et al. 2000; Pfurtscheller et al. 2006). These power 
reductions are also present during motor preparation and execution (Hari and 
Salmelin 1997; Neuper et al. 2006), and could arise from reduced inhibition from 
the basal ganglia during the formation of the motor plan (Cassidy et al. 2002). 
Furthermore, both precentral and parietal regions display increased gamma 
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synchronisation
Pesaran et al. 
 during preparation of a movement (Grammont and Riehle 2003; 
2002; Sanes and Donoghue 1993; Scherberger et al. 2005; 
Schoffelen et al. 2005). The presence of oscillations at different frequencies 
across parietal and frontal regions might be an obstacle for functional connectivity 
analyses based on phase-synchronization. Therefore, we have investigated the 
correlation between power changes in posterior and frontal regions in the 
frequency range characteristic of these regions. This approach appears 
physiologically grounded, since neuronal synchronization in the gamma band is 
likely to results in a stronger drive to down-stream areas (Jensen and Colgin 2007; 
Salinas and Sejnowski 2001).  Thus a posterior increase in gamma 
synchronization might result in a decrease in beta power in pre-central regions 
receiving the posterior synchronized input.  In short, our approach was aimed at 
investigating when the regions involved in motor planning were engaged and their 
interactions by means of characterizing their oscillatory dynamics.  
 
Materials and Methods 
Subjects  
Twelve healthy male subjects (mean age, 25 + 5 years, mean + SD) participated 
in the experiment. None of the subjects had a history of neurological or psychiatric 
disorders. All participants had normal or corrected-to-normal vision and were right-
handed according to the Edinburgh Handedness Index (88 + 11, mean + SD). The 
study was approved by the local ethics committee, and a written informed consent 
was obtained from the subjects according to the Declaration of Helsinki.  
 
Stimuli  
The experimental stimuli were line drawings of left and right hands, viewed from 
the palm and from the back, varying in their rotation from 40º to 180º in 35º steps 
(see example in Figure 4.1A). These stimuli were presented using a PC running 
Presentation software (Neurobehavioral systems, Albany, USA). They were 
projected onto a screen that was positioned in front of the subject. The stimuli 
subtended a visual angle of ~2°.  
 
Experimental time course and procedures 
The subjects’ task was to report whether the hand drawing on display represented 
a left or a right hand (regardless of its orientation) by pressing one of two buttons  
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igure 4.1. Task setup and behavioral performance. (A) Task setup. After a bF aseline 
ubjects were presented with a hand image. Subjects had to judge whether 
lus was a left or right hand. After the response, subjects received feedback 
articipants engaged in 100 training trials to 
gaged in 5 task blocks, each block 
 
period, s
the stimu
about their performance by a color change of the fixation cross. (B) Behavioral 
performance. Reaction times increased with increasing rotation for both left hands 
(LH) and right hands (RH). There were no reaction time differences between left and 
right hands. 
 
with their right hand. The stimuli were presented to the subjects in a random order. 
Before the start of the measurement, p
get acquainted with the task.  
During MEG measurement, subjects en
consisting of 160 trials. Each trial started with a white fixation cross, displayed for 
3 s, followed by the presentation of a hand drawing. The stimulus was shown until
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the subject responded by pressing either the left or right button, and it was then 
replaced by the baseline fixation cross for 0.5 s, after which the subject received 
feedback by the fixation cross turning green (correct) or red (incorrect). This color 
change lasted 0.5 s, after which the fixation cross turned white and the next trial 
began (Figure 4.1A). Orientation and laterality of the hand drawings was 
randomized from trial to trial. In total, each subject performed 800 trials (2 hands x 
5 orientations x 80 replications), in a total measurement time of ~60 minutes.  
 
MEG measurement 
Ongoing brain activity was recorded (low-pass filter, 300 Hz; sampling rate, 1200 
Hz) using a whole-head MEG with 151 axial gradiometers (VSM/CTF Systems, 
Port Coquitlam, British Columbia, Canada). Head localization was done before 
and after the experiment using coils that were placed at the cardinal points of the 
head (nasion, left and right ear canal). The magnetic fields produced by these 
coils were used to measure the position of the subject’s head with respect to the 
MEG sensor array. In addition to the MEG, the electrooculogram was recorded 
from the supraorbital and infraorbital ridge of the left eye for the subsequent 
artifact rejection.  
 
Data analysis 
All data analysis was performed using the FieldTrip toolbox developed at the F. C. 
Donders Centre for Cognitive Neuroimaging (http://www.ru.nl/fcdonders/fieldtrip) 
g Matlab 7 (MathWorks, Natick, MA, USA). We excluded incorrect trials from 
average, the fraction of data segments rejected because of artifacts 
as 13.9+
usin
subsequent analysis. Partial artifact rejection was performed by rejecting 
segments of the trials containing eyeblink, muscle, and SQUID artifacts. By this 
procedure, smaller segments of a trial, rather than a whole trial, can be rejected. 
This is advantageous when calculating time frequency representations (TFR) 
based on sliding time windows because fewer full length trials have to be rejected. 
In the subsequent averaging, the number of segments applied was taken into 
account. On 
w 11.2% and 13.9+10.6%  for motor imagery of left and right hands, 
respectively (mean + SD). We analyzed the data both time-locked to the stimulus 
and the response. When time-locking to the stimulus, we analyzed the trials until 
200 ms pre-response to avoid contamination of the motor response. Similarly, 
when time-locking to the response, we analyzed the trials starting from 200 ms 
post-stimulus onset. For the sensor level analysis, an estimate of the planar 
gradient was calculated (Bastiaansen and Knosche 2000). The horizontal and 
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vertical components of the planar gradients were calculated for each sensor using 
the signals from the neighboring sensors thus approximating the signal measured 
by MEG systems with planar gradiometers. This approach has been successfully 
applied in earlier MEG studies on oscillatory brain dynamics (Bauer et al. 2006; 
Osipova et al. 2006). The planar field gradient simplifies the interpretation of the 
sensor-level data because the maximal signal typically is located above the source 
(Hämäläinen et al. 1993).  
 
Time-frequency analysis 
ency (∆T = 3/f), resulting in an adaptive smoothing of ∆f ~ 
/∆T. In the higher-frequency bands (30–120 Hz), we used a set of three 
pian tapers, and a fixed time window of ∆T = 0.2 s, resulting in a 
Time-frequency representations (TFRs) of power were calculated for each trial 
using a Fourier transform approach applied to short sliding time windows. Prior to 
applying the Fourier transforms one or more tapers were multiplied to each time 
window and the resulting power estimates were averaged across tapers. The 
power values were calculated for the horizontal and vertical component of the 
estimated planar gradient and then summed. The planar gradient power estimates 
were subsequently averaged over trials for a given condition. For the frequencies 
8–30 Hz, we used one Hanning taper and applied an adaptive time window of four 
cycles for each frequ
1
orthogonal Sle
frequency smoothing of ∆f ~ 10 Hz (Percival and Walden 1993). The change in 
power was calculated with respect to a baseline period -0.75 to -0.25 s before the 
presentation of the stimulus. The frequency boundaries of alpha (8-12 Hz) and 
beta (16-24 Hz) bands were based on those widely accepted in EEG/MEG 
literature (Niedermeyer 2005). The frequency boundaries of the gamma band (50-
80 Hz) were based on a recent study that identified gamma oscillatory activity 
related to visual attention (Hoogenboom et al. 2006). The significance of the 
differences in power were established for the planar gradient at the sensor level, 
using a nonparametric cluster randomization test (Maris and Oostenveld 2007; 
Nichols and Holmes 2002). This test effectively controls the type I error rate in 
situations involving multiple comparisons (such as 151 sensors) by clustering 
neighboring sensor pairs that exhibit the same effect. The randomization method 
identified sensors whose t statistics exceeded a critical value when comparing two 
conditions sensor by sensor (p < 0.05, two-sided). Note that the goal of this step is 
to identify sensors with effects exceeding a threshold for the subsequent cluster 
analysis, i.e., it is not required that the power values to be tested are normally 
distributed. To correct for multiple comparisons, contiguous sensors that were 
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exceeding the critical value in the sensor array (separated by <5 cm) were 
considered a cluster. This approach is justified by the fact that a physiological 
source typically produces the strongest planar gradient field in a contiguous group 
of sensors right above the source (Hämäläinen et al. 1993). The cluster-level test 
statistic was defined from the sum of the t values of the sensors in a given cluster. 
The cluster with the maximum sum was used in the test statistics. The type I error 
rate for the complete set of 151 sensors was controlled by evaluating the cluster 
vel test statistic under the randomization null distribution of the maximum cluster-
as obtained by randomizing the data between the two 
le
level test statistic. This w
conditions across multiple subjects calculating t statistics for the new set of 
clusters. A reference distribution of cluster-level t statistics was created from 2000 
randomizations. The p value was estimated according to the proportion of the 
randomization null distribution exceeding the observed maximum cluster-level test 
statistic (the so-called Monte Carlo p value).  
 
Source localization 
A frequency-domain beam-forming approach [Dynamic Imaging of Coherent 
Sources (DICS)] was used to identify sources of oscillatory activity. Note that, for 
source reconstruction, we used the data directly from the axial sensors and not the 
planar gradient estimate. The DICS technique uses adaptive spatial filters to 
localize power in the entire brain (Gross et al. 2001; Liljeström et al. 2005). The 
filter uses the cross-spectral density matrix that is calculated separately in the pre- 
and post-stimulus periods of the individual trials and averaged. For the source 
reconstruction in the beta and gamma frequency band, the interval between [-0.5 -
0.1] pre-response was chosen. Multisphere forward models were fitted to 
individual head shapes identified from the individual MRIs (Huang and Mosher 
1997) obtained for each subject. The brain volume of each individual subject was 
discretized to a grid with a 0.5 cm resolution and the lead field matrix was 
calculated for each grid point according to the head position in the system and the 
forward model. Using the cross-spectral density matrices and the lead field matrix, 
a spatial filter was constructed for each grid point, and the power was estimated in 
each subject. The individual subjects’ source estimates were overlaid on the 
corresponding anatomical MRI, and the anatomical and functional data were 
subsequently spatially normalized using SPM2 (Statistical Parametric Mapping; 
http://www.fil.ion.ucl.ac.uk/spm) to the International Consortium for Brain Mapping 
template [Montreal Neurological Institute (MNI), Montreal, Quebec, Canada; 
http://www.bic.mni.mcgill.ca/brainweb].  
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 Figure 4.2. Common beta suppression during motor imagery of left and right hands. 
(A) Grand average of the topography of changes in power in the beta band (16-24 Hz) 
between task and baseline periods. Dots indicate clusters of significant differences 
(p<0.05 corrected for multiple comparisons). (B) Source reconstruction of the 
changes in power in the beta band between task and baseline. The power of the 
source representation is thresholded at half-maximum. (C) Outline of a group of 
sensors overlying left motor cortex that were selected for subsequent analysis. (D) 
Grand-averaged time-frequency representation of power over selected sensors. (E) 
Grand-averaged power in the beta band, plotted separately for trials showing 
drawings of left and right hands. There were no differences in beta suppression 
between hands over the left motor cortex. (F) Relationship between trial duration and 
beta suppression. Beta-band power for single trials (sorted by reaction time) is 
plotted against trial duration, for one representative subject and for the sensor 
selection as outlined in C. Power values were smoothed over 10 trials windows. 
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Analysis of cross-frequency amplitude coupling 
To investigate the interactions between occipito-parietal and motor regions, we 
calculated the cross-frequency amplitude coupling over time. Cross-frequency 
coupling refers to dependence between distinct frequency bands of the 
electrophysiological signals in the same or different regions (Jensen and Colgin 
2007). Cross-frequency coupling can occur between the phase of signals in two 
different frequency bands (Palva et al. 2005; Schack et al. 2005), between the 
phase of one signal and the amplitude of the other (Canolty et al. 2006) or 
between the amplitudes of two signals in different frequency bands (Bruns and 
Eckhorn 2004). We investigated the dependence between the amplitude envelope 
of the frontal beta rhythm and occipito-parietal gamm rhythm during different 
stages of the motor imagery process. For reliable estimation of the correlation we 
grouped the correlations between regions and frequency bands into 500 ms bins. 
Correlation coefficients were converted to z values using Fischer’s r-to-z transform 
(Jenkins and Watts 1968) and significance was assessed at the group level with 
one-sample T-tests after converting the Fisher z values to Z scores. Note that all 
the statistical approaches applied in this paper conform to a random-effects model 
and the calculated variance reflects variance between subjects, i.e. at the 
population level.  
 
Results 
oral results Behavi
Subjects had to judge whether the presented picture was a left or right hand, 
irrespective of its rotation angle or whether the palm or the back of the hand were 
shown (Figure 4.1A). Participants were equally proficient in judging rotated images 
of left hands (error rate: 7.4 + 3.5%, mean + SD) and right hands (error rate: 7.4 + 
5.2%, mean + SD). Reaction times increased with increasing rotation angle (F(4,8) 
= 7.51; p = 0.008; Figure 4.1B). There was no significant difference in reaction 
times (RT) between motor imagery of left and right hands (mean RTleft hands= 1.45 
s; mean RTright hands= 1.40 s; F(1,11) = 1.82; p = 0.21) nor an interaction between 
hand laterality and rotation (F(4,8) = 2.39; p = 0.14). In short, behavioral measures 
showed that there were no differences in difficulty between motor imagery of the 
left and right hand, and that reaction times increased with increasing rotation of 
the stimulus.  
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Central beta oscillations are suppressed during motor imagery.  
ifference was localized in the superior precentral gyrus (Figure 
.3B), showing good correspondence with the effect observed at the sensor level. 
ed a group of sensors over the right motor cortex (Figure 4.3C) for 
s. The onset of the suppression over the right motor cortex was 
rved over the left motor cortex (Figure 4.3D,E), but stronger 
There were highly significant suppressions of the beta-band power during motor 
imagery, compared to baseline (Figure 4.2A; 16 < f < 24 Hz, 0<t< 1000 ms after 
stimulus onset: p<0.001; -1000<t< 0 ms before response: p<0.001; sensors in 
significant cluster indicated by dots). Source reconstructions showed that this 
beta-suppression was widespread, and was mainly generated in occipito-parietal 
and motor cortex (Figure 4.2B). We selected a group of sensors over the left 
motor cortex (Figure 4.2C) for subsequent analysis. The onset of the sustained 
16-24 Hz suppressions over left motor cortex was ~0.3 s after stimulus 
presentation (Figure 4.2D,E). Single-trial analysis showed that the duration of the 
beta-suppression over left motor cortex was strongly correlated with the reaction 
times (mean Z = -6.14, p<0.001; Figure 4.2F). Thus, beta suppression in left motor 
cortex was suppressed during the full trial duration and no difference was 
observed between presented left and right hands.  
When directly comparing motor imagery of left and right hands, there was a 
significantly stronger beta-suppression over the right motor cortex for left hands 
than for right hands (Figure 4.3A; 50 < f < 80 Hz, -1000<t< 0 ms before response: 
p=0.025; sensors in significant cluster indicated by dots). Source reconstructions 
showed that this d
4
We select
subsequent analysi
similar to that obse
beta suppression over right motor cortex during motor imagery of left hands was 
visible as much as 1 second preceding the subject’s response. The duration of the 
beta-suppression over right motor cortex was strongly correlated with the reaction 
times (mean Z = -5.08, p<0.001; Figure 4.3F). In summary, there was significant 
beta suppression during motor imagery, which was stronger over the right motor 
cortex for motor imagery of left hands. The duration of this beta suppression was 
proportional to the duration of motor imagery. Alpha oscillations over left and right 
precentral cortex showed a similar pattern.  
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Figure 4.3. Stronger beta suppression during motor imagery of left hands than right 
hands. (A) Grand average of the topography of larger power suppression in the beta 
band during motor imagery of left hands compared to right hands. Dots indicate 
clusters of significant differences (p<0.05 corrected for multiple comparisons). (B) 
Source reconstruction of beta power difference, showing the relative difference 
between left and right hands. Larger beta suppression for left hands could be 
observed over the right precentral gyrus. The power of the source representation is 
thresholded at half-maximum. (C) Outline of a group of sensors overlying right motor 
cortex that were selected for subsequent analysis. (D) Grand-averaged time-
frequency representation of power over right motor cortex (sensors outlined in C), 
howing strong beta suppression. (E) Grand-averaged beta power, averaged over 16-
24 Hz, plotted for left and right hands separately. There was stronger beta-
suppression for left hands between 1 and 0 s preceding the response. (F) 
Relationship between trial duration and beta suppression. Beta-band power, 
averaged over 16-24 Hz, for single trials (sorted by reaction time) is plotted against 
trial duration, for one representative subject and for the  sensor selection as outlined 
in C. Power values were smoothed over 10 trial windows. 
s
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Figure 4.4 (previous page). Gamma activity during motor imagery. (A) Grand average 
of the topography of gamma power (50-80 Hz), showing the relative comparison of 
task and baseline. Dots indicate clusters of significant differences (p<0.05 corrected 
for multiple comparisons). (B) Source reconstruction of gamma power increase. 
Upper panel shows a posterior view, and lower panel shows a view from the top. 
Power of the source representations is thresholded at half-maximum. (C) Outline of a 
group of sensors overlying left motor cortex and occipito-parietal cortex that were 
selected for subsequent analysis. (D) Grand-averaged time-frequency representation 
of power of sensors overlying occipito-parietal cortex (left panel), and of a group of 
sensors overlying the left motor cortex (right panel). Both groups of sensors showed 
a significant gamma power increase during the task, but with different temporal 
profile. Sensor selection is outlined in C. (E) Grand-averaged gamma power, 
averaged over 50-80 Hz, for the same sensor selection as in D (occipito-parietal 
sensors: left panel; left motor sensors: right panel), plotted for left and right hands 
separately. (F) Relationship between trial duration and gamma increase. Gamma-
band power, averaged over 50-80 Hz, for single trials (sorted by reaction time) is 
plotted against trial duration, for one representative subject and for the  sensor 
selection as outlined in C (occipito-parietal sensors: left panel; left motor sensors: 
right panel). Power values were smoothed over 10 trial windows. 
 
Posterior gamma oscillations are sustained during motor imagery 
There was a large increase in gamma-band power during imagined actions of left 
and right hands (Figure 4.4A; 0<t< 1000 ms after stimulus onset: p<0.001; -
1000<t< 0 ms before response: p<0.001; sensors in significant cluster indicated by 
dots). The gamma-band increase was present over occipito-parietal cortex and 
over the left motor cortex (Figure 4.4A). Source reconstructions confirmed the 
involvement of occipito-parietal and left motor cortex (Figure 4.4B). We selected a 
group of sensors over occipito-parietal cortex (Figure 4.4C, posterior sensors) and 
over the left motor cortex (Figure 4.4C, left central sensors) for subsequent 
analysis. The power of both the occipito-parietal and left motor cortex 
concentrated around 50-80 Hz (Figure 4.4D), but their time course differed 
markedly. The occipito-parietal gamma cluster showed a steep increase in 
gamma-band activity following stimulus onset, which was sustained until the 
subject provided his response (Figure 4.4D,E - left panel). Conversely, the left 
motor gamma cluster showed a transient increase in gamma-band activity that 
peaked around the time the subject responded with a right hand button press 
(Figure 4.4D,E - right panel). Single-trial analysis showed that the duration of the 
ccipito-parietal gamma-band increase was correlated with the reaction time of the 
trial (Figure 4.4F – left panel; mean Z =1.90, p=0.046). Conversely, the duration of 
o
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the left motor gamma response was independent of the duration of the trial (Figure 
4.4F – right panel; mean Z = -0.87, p=0.166). There were no significant 
differences in gamma-band power between the left and right hand (p>0.10). In 
summary, there were increases in gamma power in occipito-parietal and left motor 
cortex. The duration of occipito-parietal gamma was sustained and proportional to 
the duration of the motor imagery process, while the duration of left motor cortex 
gamma was transient and related to the button press at the end of the trial.  
 
Functional coupling between motor cortical beta and occipito-parietal gamma 
power 
In order to assess the interactions between occipito-parietal and precentral 
regions, we calculated the cross-frequency amplitude correlation between the 
oscillations of these regions over time. Specifically, we calculated the dependence 
between the amplitude envelope of the central beta rhythm and the posterior 
gamma rhythm during motor imagery. We chose sensors over left motor cortex 
(see Figure 4.2C) and over right motor cortex (see Figure 4.3C) as the reference 
regions, and we calculated the correlation with gamma amplitude in all other 
aled an isolated 
he clear spatial 
sensors (see Figure 4.5A,C). The topography of correlation reve
region of negative correlations over occipito-parietal regions. T
segregation suggests that the anti-correlation is constituted by distinct regions. 
When considering occipito-parietal sensors specifically (see Fig. 4.4C) there was a 
significant negative correlation with respect to the amplitude of the beta 
suppression over left motor cortex (Fig. 4.5A) and the beta suppression over right 
motor cortex (Fig. 4.5C). For the left motor cortex, the coupling was significant 
between 1 and 1.5 s. post-stimulus, and could also be seen between 1.5 and 0.5 s 
pre-response (Fig. 4.5B). For the right motor cortex, the coupling was significant 
between 1 and 1.5 sec post-stimulus, as well as between 1.5 and 1 s pre-
response (Fig. 4.5D). During baseline and the first second of the trial, as well as 
during the last 500 ms preceding response and after the response the cross-
frequency coupling between posterior gamma and central beta was not significant 
(all p>0.20). Surprisingly, there was no amplitude coupling between left/right motor 
beta and left/right motor gamma power. In summary, there was an amplitude 
coupling between motor beta and occipito-parietal gamma oscillations, which 
occurred at a specific time interval during motor imagery.  
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Figure 4.5. Cross-frequency amplitude coupling. (A) Topographical distribution of Z-
transformed correlation between beta power over left motor sensors (marked with 
‘+’) and gamma power for each individual sensor, in the interval between -1.5 and -
0.5 s preceding the subject’s response. (B) Time course of Z-transformed correlation 
between beta power over left motor sensors (see Figure 4.2C for sensor selection) 
and gamma power over occipito-parietal sensors (see Figure 4.4C for sensor 
selection) is plotted in blue, and between beta power over left motor sensors and 
gamma power over left motor sensors is plotted in red. (C) Topographical 
distribution of Z-transformed correlation between beta power over right motor 
sensors (marked with ‘+’) and gamma power for each individual sensor, between -1.5 
and -0.5 s preceding the subject’s response. (D) Time course of  Z-transformed 
correlation between beta power over right motor sensors (see Figure 4.3C for sensor 
selection) and gamma power over occipito-parietal sensors (see Figure 4.4C for 
sensor selection) is plotted in blue, and between beta power over right motor 
sensors and gamma power over right motor sensors is plotted in red. 
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Discussion 
In this study we have investigated the neural dynamics of imagined hand actions 
using MEG, focusing on timing, localization, and inter-regional coupling of 
oscillatory activities. Imagined hand actions were characterized by a marked beta 
suppression over occipito-parietal and precentral cortex, with stronger beta 
suppression over the right precentral cortex for motor imagery of left compared to 
right hands. We also observed a large sustained increase in gamma-band power 
during imagined actions of both left and right hands in occipito-parietal cortex. 
During a specific stage of the action simulation, the precentral beta suppression 
was functionally coupled to enhanced gamma oscillations in the occipito-parietal 
cortex. These results illustrate that, during motor imagery, functional interactions 
between occipito-parietal and precentral cortex are dynamic in nature. We suggest 
that these functional interactions reflect the cooperation between motor and 
posterior areas during the formation of an action plan.   
 
creases in reaction times with rotation are similar for left and right hand  
l areas, but it 
xtended posteriorly towards parietal and occipital areas (Fig. 4.2A,B). These 
ndings are in accord with a series of reports showing beta power reductions 
g motor execution, motor preparation, and motor imagery (Neuper et al. 
2006). In addition, here we could show that the duration of the beta suppression 
increased as a function of the motoric complexity of the imagined actions, on a 
trial-by-trial basis (Figure 4.2F, Figure 4.3F). Given the known temporal 
correspondence between actual and imagined movements (Jeannerod 1994; 
In s
All subjects engaged in the motor imagery task, with low error rates (<10%). 
Reaction times increased with increasing stimulus rotation (Figure 4.1B), in line 
with earlier studies (Parsons 1987b; Sekiyama 1982). There were no differences 
in reaction time between motor imagery of left and right hands. This result 
excludes that differences between neural activity evoked during motor imagery of 
the two hands could be related to differences in task complexity.  
 
Suppression of fronto-central beta oscillations is sustained throughout motor 
imagery  
We found strong beta suppression during motor imagery, in line with the 
observation that suppression of beta power reflects engagement of the motor 
system, whereas increase in beta power reflects inhibition (Hari and Salmelin 
1997; Jensen et al. 2005). The effect was strongest in dorsal fronta
e
fi
durin
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Parsons 1994
movement wou
), it appears that motor imagery unfolds in time as the actual 
ld have done, and the beta suppression represents an index of this 
l modes for imagined and 
xecuted movements. For instance, it is conceivable that actual movements might 
precise 
 laterality of the 
 stronger beta power suppression over the right precentral gyrus 
internally executed motor program. This temporally extended mechanism 
supporting motor imagery can be contrasted with the response-related burst of 
gamma power observed over the left precentral gyrus just before the subject 
flexed a finger of their right hand (Fig. 4.4F – right panel). This finding fits with the 
hypothesis that gamma oscillations might constitute a mechanism for efficient 
cortico-spinal communication (Brown et al. 1998; Schoffelen et al. 2005), 
emphasizing that transient surges of synchronous activity in the gamma band 
might be particularly relevant when individual stimulus-response mappings need to 
be selected and executed. Accordingly, the laterality and timing of the frontal 
gamma burst confirms the contribution of the primary motor cortex in motor 
execution, but not in motor imagery per se (de Lange et al. 2005; Sauner et al. 
2006). It remains to be seen whether the disparity between beta and gamma 
responses in frontal areas is related to different contro
e
require the establishment of a temporally short processing window for 
delivery of motor commands and fast sampling of somatosensory feedback along 
cortico-spinal-cortical circuits (compatible with gamma oscillations), whereas 
imagined movements might impinge more heavily on slower fronto-parieto-frontal 
loops for the feedforward assessment of the sensory consequences of a planned 
movement (Desmurget and Grafton 2000; Johnson et al. 2002a). 
 
Suppression of fronto-central beta oscillations depends on the
imagined hand movement  
We observed
when subjects were presented with drawings of left hands compared to right 
hands (Fig. 4.3). In contrast, the left precentral gyrus showed an equal beta power 
suppression for motor imagery of left and right hands (Fig 4.2). In principle, the 
latter observation could be related to the fact that subjects prepared a button-
press response with their right hand on each trial, and subtle differential imagery-
related effects in the beta band may have been obscured by stronger response-
related effects. However, previous studies have shown that the dorsal premotor 
cortex in the left hemisphere is equally involved in imagined movements of left and 
right hands, while right dorsal premotor cortex is preferentially involved in 
imagined movements of the contralateral hand (de Lange et al. 2006; Stinear et al. 
2006). In addition to these studies, here we could show that the stronger 
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contribution of the right precentral gyrus to motor imagery of left hands is visible 
already 500 ms after the stimulus is presented (Fig. 4.3E), and as much as 1000 
ms before the subject’s response. The difference in beta power suppression 
remained robust until the response was provided. This finding indicates that, in the 
right motor cortex, there was information discriminating between the visual 
presentation of a left or right hand already one second before the subject’s explicit 
reports. This observation provides empirical evidence for the - perhaps counter-
intuitive - suggestion that the motor simulation evoked by the hand laterality 
judgment task is a confirmatory process, following an ‘educated guess’ by means 
of an initial implicit perceptual analysis  (Parsons 1994). By the same token, one 
might wonder whether neural responses evoked by action observation, which are 
usually framed as an automatic resonance between perception and action 
(Rizzolatti and Craighero 2004), might be a different manifestation of this same 
implicit process, relying on the same oscillatory dynamics as motor imagery. 
 
Occipito-parietal oscillatory gamma activity is sustained during motor imagery 
Following stimulus presentation, bilateral occipito-parietal cortex showed a robust 
power increase in the gamma band (Fig. 4.4). This modulation of cortical 
oscillatory activity peaked 100 ms after stimulus onset and was sustained 
throughout the trial, closely matching imagery times on a trial-by-trial basis (Fig. 
4.4F – left panel). The strongest sources of the sustained gamma activity were 
entified around parieto-occipital sulcus. While there are sevid eral reports on 
e gamma response fits with the haemodynamic 
transiently induced gamma responses, there are only a few other studies in 
humans reporting sustained gamma activity (Hoogenboom et al. 2006). The 
anatomical location of th
responses found in occipito-parietal cortex during motor imagery of hands (de 
Lange et al. 2005; Johnson et al. 2002a), and it can be contrasted with the 
transient, response-locked left fronto-central increase in gamma power discussed 
above (Fig. 4.4F – right panel). The initial stimulus-locked burst of gamma power 
is likely driven by the stimulus presentation, and it falls in a frequency range 
consistent with earlier reports on gamma activity in humans (Adjamian et al. 2004; 
Hoogenboom et al. 2006; Osipova et al. 2006). It could be argued that the 
sustained increase in gamma power might simply be a by-product of the ongoing 
retinal stimulation or generic visual attentional demands during the trial. However, 
it appears more likely that the occipito-parietal sustained gamma response 
includes components directly relevant for imagery performance, as suggested by 
the known specific responses of the middle portion of the intraparietal sulcus to 
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motor imagery (de Lange et al. 2005) and by the specific relationship of the 
occipito-parietal gamma response with the precentral beta suppression (see 
below).  
 
Frontal beta oscillations and occipito-parietal gamma oscillations are functionally 
coupled during motor imagery 
There were long-range cross-frequency cerebral interactions, revealed as anti-
correlations between precentral beta suppression and occipito-parietal gamma 
increase, during a specific time interval in the course of the imagined action (Fig. 
4.5). This cross-frequency coupling was spatially confined (Figure 4.5 – left 
column), ruling out concerns about volume conduction or cross-talk. Cross-
frequency coupling has been little explored in human electrophysiological data 
(Jensen and Colgin 2007), and our results emphasize the relevance of this new 
method for studying long-range functional connectivity in humans. Physiologically, 
inas 
we propose that the increase in occipito-parietal neuronal gamma synchronization 
results in a stronger drive to down-stream regions  (Jensen et al, 2007; Sal
and Sejnowski 2001). This increase serves to engage the precentral regions 
resulting in decreased beta activity, resulting in the trial-by-trial anti-correlation. 
Anatomically, this potential mechanism is supported by the direct anatomical 
connections linking the dorsal portions of parietal and precentral regions (Matelli et 
al. 1998). Functionally, the temporally extented nature of the coupling between 
posterior and precentral cortex is not compatible with models based on sequential 
and hierarchical information processing (Nishitani and Hari 2002). Rather, our 
results support the notion that motor planning relies on multiple iterations through 
the recurrent architecture of the parieto-frontal system (Burnod et al. 1999). 
 
Conclusion 
Our results provide novel information about the oscillatory brain activity in 
posterior and frontal regions, as well as their interactions, during the formation of a 
motor plan. The presence of a spatially, temporally, and functionally specific 
coupling between frontal and occipito-parietal regions during motor simulations 
provides support and electrophysiological constraints to computational models of 
action control that postulates the presence of feed-forward predictive mechanisms 
requiring fronto-parietal interactions (Desmurget and Grafton 2000). 
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ALTERED BRAIN ACTIVATION DURING MOTOR IMAGERY IN 
CONVERSION PARALYSIS: AN FMRI STUDY 
 
Chapter 5 
 
 
 
Abstract 
Conversion paralysis is characterized by a loss of voluntary motor functioning 
without an organic cause. Despite its prevalence among neurological outpatients, 
little is known about the neurobiological basis of this motor dysfunction. We have 
examined whether the motor dysfunction in conversion paralysis can be linked to 
inhibition of the motor system, or rather to enhanced self-monitoring during motor 
behavior. We measured behavioral and cerebral responses (with fMRI) in eight 
conversion paralysis patients with a lateralized paresis of the arm as they were 
engaged in imagined actions of the affected and unaffected hand. We used a 
within-subjects design to compare cerebral activity during imagined movements of 
the affected and the unaffected hand. Motor imagery of the affected hand and the 
unaffected hand recruited comparable cerebral resources in the motor system, 
and generated equal behavioral performance.However, motor imagery of the 
affected limb recruited additional cerebral resources in the ventromedial prefrontal 
cortex and superior temporal cortex. These activation differences were caused by 
a failure to de-activate these regions during movement imagery of the affected 
hand. These findings lend support to the hypothesis that conversion paralysis is 
ssociated with heightened self-monitoring during actions with the affected arm. 
 
This chapter is a modified version of: de Lange FP, Roelofs K, Toni I (2007). 
Neuropsychologia, 45 (9), 2051-2058. 
a
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Introduction 
Conversion paralysis (CP) is a mental disorder characterized by loss of voluntary 
motor functioning. Although the symptoms may suggest a neuropathological 
condition, they cannot be adequately explained by known neurological or other 
organic disorders (American Psychiatric Association 1994). Moreover, there is an 
exacerbation of symptoms at times of psychological stress, which suggest that 
psychological mechanisms play a role.  
Conversion disorder and related disorders are common in clinical practice: About 
one third of new neurological outpatients exhibit medically unexplained symptoms 
(Carson et al. 2000; Stone et al. 2005a). Despite the high prevalence and the long 
history of speculations as to the cause of CP (Halligan et al. 2001; Vuilleumier 
2005), the exact nature of CP is still not well understood. Only recently, a few 
studies have tried to determine objective neural correlates of functional 
mechanisms that, in the absence of a structural brain lesion, may be able to 
explain CP symptomatology. The first study to investigate the functional anatomy 
of conversion paralysis was by Marshall et al. (1997). Using positron emission 
tomography (PET), the authors recorded brain activity when a patient with 
unilateral CP tried to move either her affected or her unaffected leg. When 
attempting to move the unaffected (right) leg, there was a normal pattern of 
cerebral activity, including activation in the contralateral primary motor cortex (M1). 
However, when attempting to move the affected (left) leg, there was no activation 
in the contralateral M1, but there was a relative increase in activation of the right 
anterior cingulate cortex (ACC) and the ventromedial part of the prefrontal cortex 
(vmPFC). These results were interpreted as suggesting that the loss of voluntary 
movements observed in CP is caused by increased response inhibition mediated 
by ACC and vmPFC. Similar results were obtained in a related study, in which 
hypnosis was used to induce paralysis of the leg in a healthy subject (Halligan et 
al. 2000). When the hypnotized participant tried to move his “affected” leg, ACC 
and vmPFC showed increased activity, suggesting that similar mechanisms 
support hypnotically induced paralysis and CP (Halligan et al. 2000). In contrast, 
Spence et al. (2000) observed that when CP patients moved their paretic limb, 
there was a de-activation in their dorsolateral prefrontal cortex (dlPFC), as 
compared to healthy control subjects. Finally, Burgmer et al. (2006) did not find 
any differences in prefrontal or motor cortex activity between CP patients and 
healthy controls during execution of hand movements. Although these conflicting 
results may be partly due to the limited sample size (N=1-4), and the type of 
comparisons carried out (within-subjects vs. between-subjects), a more 
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fundamental iss
these studies, p
ue may relate to the nature of the tasks employed. Namely, in 
atients were asked to carry out a task (“move/try to move your 
 or by conflicting action tendencies 
affected limb”) that they could not appropriately perform due to their condition. 
Accordingly, it is conceivable that these results reveal cerebral effects related to 
the cognitive consequences of a failed movement (like altered effort, motivation, or 
error processing), rather than a proximal cause of CP. For instance, the increased 
ACC activity (Halligan et al. 2000; Marshall et al. 1997a)  may reflect enhanced 
monitoring triggered by movement failure
(Vuilleumier et al. 2001). This possibility is supported by our recent finding of 
increased action monitoring in the ACC of six unilateral CP patients during 
generation of movements with the affected limb (Roelofs et al. 2006).  
To overcome these interpretational limitations, Vuilleumier et al. (2001) assessed 
brain responsiveness to sensory stimulation in CP patients suffering from 
unilateral sensorimotor loss. In an elegant design, both the affected and the 
unaffected limb were stimulated, and the cerebral responses of CP patients were 
measured at two time points: first, when conversion symptoms were present, and 
several weeks later, when the symptoms were resolved. Patients had decreased 
activity in the basal ganglia and thalamus contralateral to the affected limb during 
sensory stimulation of the affected limb compared to stimulation of the unaffected 
limb. This decrease resolved after recovery of conversion symptoms, suggesting 
that differences in sensory processing may play an important role in the 
pathophysiology of CP. However, it has yet to be investigated how these sensory 
deficits relate to the core feature of CP, namely the disturbance of volitional motor 
processes. Finally, a recent study explored whether CP is associated with 
abnormal brain activity during observation of hand movements (Burgmer et al. 
2006). This study showed that compared to healthy controls, CP patients had 
reduced M1 activity during observation of hand movements, specifically for the 
affected hand. However, despite the known behavioral and neural 
correspondences between action observation and action execution (Grezes and 
Decety 2001; Hamilton et al. 2004), it is not trivial to link this finding to the main 
symptomatology of CP (limb paralysis), given that action observation does not 
entail an active volitional motor simulation. In the present study, we aimed to 
examine volitional action simulation while controlling for processes associated with 
actual motor execution like altered sensory feedback or enhanced monitoring of 
failed movements. We addressed this issue by using a motor imagery paradigm.  
Using motor imagery to study the generation and preparation of actions is 
supported by a wealth of evidence showing that imagined and executed 
movements overlap in terms of time course (Parsons 1987b; Parsons 1994; 
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Sekiyama 1982), autonomic responses (Decety et al. 1991), and neural 
architecture (de Lange et al. 2005; Jeannerod 1994; Parsons et al. 1998). 
Accordingly, previous behavioral studies have used motor imagery tasks to reveal 
impairments in motoric simulations of the affected limb in patients with CP (Maruff 
and Velakoulis 2000; Roelofs et al. 2001). Here we used a well-known motor 
imagery task: the hand-laterality judgment task. In this mental rotation paradigm, 
subjects have to judge the laterality of rotated images of left and right hands. Many 
studies have showed that subjects solve this task by mentally moving their own 
hand to match the orientation of the visually presented stimulus (Parsons 1987b; 
Parsons 1994). This approach allowed us to compare cerebral activity (using 
fMRI) evoked by motor imagery of the affected and the unaffected hand, while 
quantifying imagery performance. We hypothesized that, if CP entails an inhibition 
of the movement plan, activity should be increased in the cingulate and prefrontal 
cortex during motor imagery of the affected hand, while there should be a 
reduction of preparatory activity in motor-related structures (Burgmer et al. 2006; 
Marshall et al. 1997a). Alternatively, if CP entails heightened action monitoring 
triggered by movement failure or by conflicting action tendencies (Roelofs et al. 
2006; Vuilleumier et al. 2001), we expected the prefrontal hyperactivity to be 
accompanied by normal or even greater activity in the motor system, due to the 
increased effort in forming a motor plan.  
 
Materials and methods 
Participants 
We studied eight patients (mean age of 34.6 years, range 18–56, SD=13.2) 
diagnosed with conversion disorder according to the DSM-IV criteria (American 
Psychiatric Association 1994) and showing a full or partial paralysis lateralized to 
one arm as a major symptom. A criterion for inclusion was a strictly unilateral loss 
of motor function, clearly related to psychogenic factors and in the absence of any 
neurological disease (American Psychiatric Association, 1994). After referral by a 
neurologist, a trained psychologist assessed whether the patients met the DSM-IV 
criteria for conversion disorder and checked for other axis-I diagnoses using the 
Structured Clinical Interview for DSM-IV Axis-I Disorders [SCID-1/p: (First et al. 
1996)]. Exclusion criteria were symptoms involving pseudo-epileptic insults, 
tremors, sudden movements and deteriorated speech or vision. Four patients 
showed conversion paresis to the right arm and the other four patients to the left 
arm. Lateralization of the paresis was examined by measuring maximal 
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contraction force. Isometric force measurements of maximum voluntary 
contractions (MVC) of the left and right hand were obtained with a Biometrics hand 
dynamometer (Almere, Netherlands). Force measures confirmed that the maximal 
force that could be exerted with the affected arm was considerably lower than with 
the unaffected hand in all patients (t(7) = 5.26, p = 0.001). One patient used 
antidepressant medication (Sertraline, 50 mg/day). None of the patients used anti-
convulsants, benzo-diazepines, or other substances that are known to have an 
effect on cerebral blood flow. Table 5.1 shows demographic information of all the 
participants. The study was approved by the local medical ethical committee and 
all patients gave their informed consent before participation.  
 
Patient Age Gender Aff. limb 
Dom. 
limb 
Dura- 
tiona
MVCb
aff. 
MVCb 
unaff. 
Axis-I 
comorbidity 
(SCID-I) 
1 48 Female Right Right 36 100.8 139.4 
depressive 
disorder in 
remission 
2 34 Male Left Right 35 157.2 219.4 - 
3 43 Female Right Right 3 8.9 106.8 - 
4 23 Female Right Right 41 59.3 139.4 - 
5 27 Male Left Left 26 172.0 261.0 - 
6 56 Male Left Left 14 53.4 231.3 - 
7 28 Female Right Right 19 86.0 127.5 - 
Left Right 3 4.4 154.2 anxiety  disorder 8 18 Female 
 
Table 5.1: Demographic characteristics of the participants. aDuration of complaints 
in months. bMaximum voluntary contraction in Newtons, measured with a hand 
dynamometer.  Aff. = Affected, Unaff. = Unaffected, Dom. = Dominant. 
 
Task  
We used a well-known motor imagery task, in which the participants have to judge 
the laterality of the visually presented rotated hand stimulus (Parsons 1987b). We 
used line drawings of left and right hands, in different orientations varying from 0º 
to 180º in 45º steps (both clockwise and counter-clockwise). We defined the 0º 
orientation of the hand as the orientation in which the fingers are vertical and 
pointing upwards. The hand could be shown in either palmar or ulnar orientation. 
The stimuli were serially presented to the patients in a random order. For each 
trial, the hand stimulus was presented centrally on the screen, and patients were 
instructed to judge as fast and as accurately as possible whether the stimulus 
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constituted a left or a right hand. When the patient provided his/her response, the 
stimulus was replaced with a fixation cross, which stayed on until the start of the 
next trial (inter-trial interval: 1.5 - 2.5 seconds). The experiment consisted of 160 
trials of motor imagery. After a series of 10 motor imagery trials, a rest period of 10 
seconds was introduced to sample baseline activity. During this rest period, 
patients were instructed to look at the fixation cross.  
Patients responded by pressing one of two buttons attached to their left or right big 
toe. The patients’ left and right feet were firmly attached to a button box, and 
reaction times and error rates were measured for subsequent behavioral analysis. 
The stimuli were presented using Presentation software (Neurobehavioral 
ystems, Albany, USA), and they were projected onto a screen at the back of the 
scanner and seen through a m  ab e ts s
 
Behavioral analysis 
Mean respo  tim ) al  fo ch f  e l 
factors (han tatio two  (2 pe -m s A was arried 
out exam the o (a d, u ffected) and
in 45º step n e  i r rate bet  t cted d the 
unaffected h  we stigated us  pai sam -test. Alpha-le l was 
set P<0.0
 
on and analysis 
ctional images 
ere acquired using a gradient EPI-sequence (TE/TR=40/2540 ms; 32 axial 
voxel size=3.5 mm; FOV=224 mm). On average, the duration of the 
allowed for an event-related analysis of the fMRI time series. For each patient, we 
s
irror ove th  patien ’ head .  
nse es (RTs were c culated r ea  level o  the two xperimenta
d, ro n). A -way  x 5) re ated easure  ANOV  c
to ine  effects f hand ffecte na  rotation (0º  to 180º 
s) o RT. Diff rences n erro ween he affe an
and re inve ing a red- ples T ve
at 5. 
MRI acquisiti
Functional images were acquired on a Siemens (Erlangen, Germany) 1.5T MRI 
system equipped with echo planar imaging (EPI) capabilities using the standard 
head coil for radio frequency transmission and signal reception. Fun
w
slices, 
experiment was 23 minutes in which 547 scans were acquired. High-resolution 
anatomical images were acquired using a MP-RAGE sequence (TE/TR = 
3.93/2250 ms; voxel size=1.0 mm, 176 sagittal slices; FOV=256 mm). 
Preprocessing of the functional data and calculation of the contrast images for 
statistical analysis was done with SPM5 (www.fil.ion.ucl.ac.uk/spm). First, 
functional images were realigned, slice-time corrected, normalized to a common 
stereotactic space (MNI: Montreal Neurological Institute, Canada) and smoothed 
with a 10 mm FWHM Gaussian kernel. By jittering trial onsets with respect to 
image acquisition and randomizing stimulus rotations, our experimental design 
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modeled activity evoked by motor imagery (2 levels: affected vs. unaffected), as 
well as the increase in activity with increasing biomechanical complexity during 
motor imagery. The laterality of the affected hand was pooled across subjects. We 
based the biomechanical complexity of the movement on the average behavioral 
response for each level of rotation (5 levels: from 0º to 180º in 45º steps). In other 
words, we parameterized the fMRI rotation-related increase as a non-linear 
 factor. In this 
econd-stage analysis, we tested the following contrasts: 1) common increases in 
(as parameterized by the regressors describing the rotation-
.umich.edu/ni-stat/SnPM). We employed a locally pooled variance 
of 10 mm FWHM (Nichols and Holmes 2002). To 
or both spatially extended clusters and high intensity 
process with the same shape as the RTs. Incorrect responses were separately 
included in the model. To remove any artifactual signal changes due to head 
motion, we included 6 parameters describing the head-movements (three 
translations, three rotations) as confounds in the model. Linear contrasts 
pertaining to the main effects of the factorial design constituted the data for the 
second-stage analysis, which treated participants as a random
s
activity with rotation 
related increase) vs. baseline; 2) rotation-related differences between the affected 
and the unaffected hand; 3) overall activity differences between the affected and 
the unaffected hand;  and 4) overall activity differences between the left and the 
right hand. Because the relatively small sample size could potentially violate the 
normality assumption of the data, we carried out the second-stage analysis in a 
non-parametric framework (Holmes et al. 1996) using SnPM3 
http://www.sph(
estimate, with a Gaussian kernel 
optimize statistical sensitivity f
signals, we used a combined threshold on the basis of voxel-intensity and cluster 
size (Hayasaka and Nichols 2004), using a pseudo-T value of 2.8 (corresponding 
to p≈0.01) for identification of supra-threshold clusters. Note that this threshold is 
only used to define clusters, and does not denote the threshold for significance of 
activations. All reported clusters survive whole-brain correction for multiple 
comparisons, using a statistical threshold of p<0.05. Anatomical details of 
activated clusters were obtained by superimposing the SPMs on the structural 
images of the patients.  
 
Results 
Behavioral effects 
Reaction times increased with increasing stimulus rotation (main effect of rotation: 
F(4,28) = 10.39; p=0.005). Trend analysis indicated that the RTs follow a 
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combination of a linear (contrast estimate = 0.653 + 0.072, mean + SE; p<0.001) 
and a quadratic (contrast estimate = 0.209 + 0.065, mean + SE; p=0.001) increase 
with rotation, while no higher order trends were visible (3rd order: contrast estimate 
= -0.061 + 0.053, mean + SE; p=0.25; 4th order: contrast estimate = -0.016 + 
0.046, mean + SE; p=0.73). 
Although reaction times appeared slightly longer for the affected hand than for the 
unaffected hand, this effect was not statistically significant (main effect of hand: 
F(1,7) = 0.94; p=0.37). Reaction times did not behave differently for the affected and 
the unaffected hand at different levels of rotation (hand x rotation interaction: F(4,28) 
= 0.037; p=0.92). There were also no differences in reaction time between 
laterality judgments of the left and the right hand (main effect of hand: F(1,7) = 0.20; 
p=0.67; hand x rotation interaction: F(4,28) = 0.61; p=0.66). All patients performed 
with low error rates (mean error rate = 6%). There was no difference in error rate 
between hand laterality judgments of the affected hand and of the unaffected hand 
(t(7) = 0.36, p = 0.73).  
 
Cerebral effects – increases in activity with increasing biomechanical complexity 
In line with previous reports (de Lange et al. 2005; Parsons et al. 1995), there was 
increasing activity with increasing biomechanical complexity in the right dorsal 
intraparietal sulcus, and in the left and right dorsal precentral sulcus (Fig. 5.1). 
These regions showed comparable responses for the affected and the unaffected 
hand.  
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Figure 5.1: Regions showing an increase in activity with increasing biomechanica
complexity for both hands. (A) Anatomical localization of regions showing a
l 
 
n in Table 5.2. 
re no clusters that showed differential increases in activity with 
increasing biomechanical complexity between the affected and the unaffected 
hand.  
 
Cerebral effects –activity differences between the affected and unaffected hand 
There were several regions showing greater cerebral activity during motor imagery 
of the affected hand compared to motor imagery of the unaffected hand, 
independently of the stimulus rotation. There was significantly greater activity for 
the affected hand in the left superior temporal cortex (Fig. 5.2a) extending to the 
parietal operculum, in the prefrontal cortex (Fig. 5.2c) spanning ventromedial and 
dorsomedial parts, and in the right superior temporal cortex, at the posterior end of 
the Sylvian fissure (Fig. 5.2e). The activity patterns show that these effects relate 
to reduced responses during motor imagery of the unaffected hand (Fig. 5.2b,d,f). 
The observed activity differences were present in all patients in the prefrontal 
significant linear increase in activity with increasing biomechanical complexity for 
both hands. The statistical map is thresholded at the same threshold used for 
inference (T > 2.8). (B) Effect size (±SEM) of the parametric effect in the right dorsal 
precentral sulcus, which is highlighted in panel (a). Exact stereotactic coordinates 
are give
 
There we
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cortex (Fig. 5.2c), and in 7/8 patients in the left and right temporal (Fig. 5.2a,e) 
cortex. Post-hoc analyses ruled out that there were any activation differences in 
these regions as a function of the laterality of the conversion paralysis (prefrontal 
cortex: t(6)= -0.34; p= 0.75; left temporal cortex: t(6)= 0.71; p= 0.51; right temporal 
cortex: t(6)= 1.71; p= 0.14).  
There were no clusters showing greater overall activity during motor imagery of 
the unaffected hand compared to the affected hand.  
 
Cerebral effects – activity differences between the left and right hand 
There were several regions that modulated their activity as a function of whether a 
left or right hand was presented on screen (see Table 5.2). Notably, when patients 
saw a left hand stimulus they responded with their left foot, and when patients saw 
a right hands stimulus they responded with their right foot. Accordingly, we 
observed activity in the contralateral primary motor cortex (medial wall, around the 
leg area) during task execution of left/right hands. Furthermore, motor imagery of 
the left hand showed higher activation in the dorsal premotor cortex on the 
contralateral side, reflecting the additional processing required for motor imagery 
of the left hand in the dorsal premotor cortex of the contralateral hemisphere (de 
Lange et al. 2006; Parsons et al. 1995; Parsons et al. 1998). Notably, these areas 
were not differentially activated for motor imagery of the affected and of the 
unaffected hand.  
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Figure 5.2:  Regions showing higher activity for the affected than the unaffected 
hand. Anatomical localization and effect sizes (±SEM.) of clusters showing overall 
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(i.e., not rotation-related) higher activity for the affected hand than for the unaffected 
hand. There was higher activity for the affected limb in the left superior temporal 
cortex (A-B), medial prefrontal cortex (C-D), and the right superior temporal cortex 
(E-F). Exact stereotactic coordinates are given in Table 5.2. Other conventions as in 
Fig. 5.1. 
 
Contrast Anatomical region Pseudo T 
Cluster 
size p-value 
Stereotactic  
coordinates 
Dorsal intraparietal 
sulcus 5.5 2889 0.024 -18 -66 48 
 4.8 -28 -4 46 
4.0 
1226 0.027 
-26 4 62 
Rotation 
Dorsal precentral 
sulcus 
4.3 2889 0.012 28 0 60 
        
5.5 8 44 -24 
5.2 -12 62 32 
Medial frontal cortex 
6.2 
1303 0.035 
-36 48 34 
Parietal operculum 
(PO4) 5.8 -58 -6 10 
Superior temporal 
sulcus 5.1 
1065 0.039 
-52 -36 -4 
Aff > 
Unaff 
Superior temporal 
gyrus 5.9 483 0.047 68 -28 10 
        
Primary motor cortex 5.4 16 -40 70 LH>RH 
Precentral gyrus 7.0 
4673 0.0039 
32 -10 68 
        
RH > LH Primary motor cortex 7.1 1525 0.0098 -6 -36 64 
 
Table 5.2: Cerebral data. Areas showing increases in activity with rotation for both 
hands (Rotation), showing larger activity for the affected than the unaffected hand 
(Aff>Unaff), and showing larger activity for left hands than right hands (LH>RH) or 
vice versa (RH>LH).  
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Discussion 
In this study we measured cerebral activity in eight CP patients with a unilateral 
paresis of the arm while they were engaged in a well-known motor imagery task: 
mental rotation of hands. Motor imagery of the affected hand and the unaffected 
and recruited comparable cerebral resources in the motor system, and generated 
equal behavi ow o r affe w 
o al , loca d to the medial prefrontal he 
sup poral w we tail a terpret these havioral  
cerebral effects.  
 
Behavioral effects 
There were no significant behavioral differences between motor age  of e 
affected and the unaffecte e results are in line with a  earlier stu y 
tha rved ence  CP patients were exp itly tru  
to imagine performing a rotational m ent eir own hand t o a -
significant trend when they were eng  in implicit motor image o s . 
2001). Given ould age in motor imagery of the affected d 
unaffected hand w mparable be orma ce  
cerebral activi produ f different task p ma  R r, y 
reflect qualitative d es in brain gery  
compared to t d (W n lliga ).  
 
Cerebral effects 
M ge d a e un ed ok c  in  
dorsal parieta  cortex. This activity increased h ea  
stimulus rotation (Fig. 5.1). This same pariet ntal network has also b  
is ea imil otor ry p s  L  e . 
005; Johnson et al. 2002a), as well as during the selection and preparation of 
cted hand, using the same cerebral resources as healthy 
articipants. The similar increase of imagery-related cerebral activity for the 
affected arm in preparatory motor-related structure seems to run counter to the 
predictions of CP models postulating a reduction of preparatory activity within the 
motor system, due to increased cognitive inhibitory control (Marshall et al. 1997a).  
h
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otor ima ry of both the affecte nd th affect hand ev ed a tivity  the
l and premotor wit incr sing
o-fro een
olated in rlier studies using s ar m image aradigm (de ange t al
2
actual hand movements (Rushworth et al. 2003; Thoenissen et al. 2002; Toni et 
al. 1999). Given that both behavioral performance and cerebral activity were not 
altered, it appears that CP patients can readily imagine actions of both their 
unaffected and affe
p
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Other cortical regions, outside the motor system, showed stronger responses 
tically paralyzed” limb (Halligan et al. 2000). While our results 
onfirm the involvement of vmPFC during volitional action generation in CP 
ow that this involvement arises from a failure to de-activate 
Marshall et al. 
997a). The vmPFC effect appears in line with the notion that, in CP patients, 
ents of the affected hand is associated with increased self-
during motor imagery of the affected than the unaffected hand. Differently from the 
effect observed in the motor system, these effects were independent of 
biomechanical complexity. First, we found differential activity between imagined 
movements of the affected and unaffected hand in the prefrontal cortex (Figure 
5.2c), comprising both ventromedial and dorsomedial aspects of prefrontal cortex. 
This result replicates the findings from previous case studies describing increased 
activity in the ventromedial prefrontal cortex of a CP patient trying to move her 
paralyzed limb (Marshall et al. 1997a), and a hypnotized healthy subject trying to 
move her “hypno
c
patients, here we sh
this region during motor imagery of the affected hand. The vmPFC is part of the 
“intrinsic” or “default” network (Raichle and Mintun 2006), showing physiological 
decreases of metabolic activity during performance of sensori-motor and cognitive 
tasks (Gusnard et al. 2001). Our results show that, in CP patients, generating 
motor plans involving the affected hand abolishes these physiological responses: 
cerebral activity remains at resting-state levels, well above BOLD signals 
measured during motor imagery of the unaffected hand. This observation is not 
immediately compatible with accounts of CP that associate vmPFC activity with an 
increased active inhibitory control of the motor system during the generation of 
movements involving the affected hand (Halligan et al. 2000; 
1
simulating movem
monitoring processes (Roelofs et al. 2006; Vuilleumier 2005). Namely, when 
normal subjects are engaged in a demanding task, there is an inhibition of the 
prefrontal cortex compared to when subjects are engaged in self-reflexive 
processing (Goldberg et al. 2006). In a similar vein, damage to the prefrontal 
cortex can abolish the awareness of actions (Frith et al. 2000). Accordingly, our 
findings may indicate that, in CP patients, self-referential processes persist during 
the performance of motor simulations involving the affected hand. It remains to be 
seen whether these processes are specifically related to monitoring the expected 
autonomic or emotional consequences of the movement.  
There was a second cortical cluster showing higher activity during imagined 
movements of the affected hand. This cluster covered a rather large portion of the 
superior temporal cortex (extending into the parietal operculum – Fig. 5.2a, 5.2e), 
and it showed similar responses to those observed in the medial PFC. This 
temporal region has been consistently associated with perceptual and cognitive 
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processes like the analysis of biological and implied motion (Allison et al. 2000). 
Therefore, the hyperactivity of this region during imagined actions of the affected 
arm may - like the vmPFC - be a reflection of heightened monitoring of actions 
with the affected limb, but in the visual domain.   
 
Limitations 
A limitation of the present study is our sample size (N=8). However, this is the first 
study on CP patients in which the statistical model (random effects analysis) 
allows one to generalize the inferences beyond the sample studied (Friston et al. 
1999b). Previous studies dealt either with case reports (Marshall et al. 1997a) or 
made sample-specific inferences (Burgmer et al. 2006; Spence et al. 2000; 
Vuilleumier et al. 2001). Nevertheless, studies using larger sample sizes are 
clearly needed to investigate whether the (considerable) inter-individual 
differences in severity of the paralysis are also reflected by e.g. larger fluctuations 
in prefrontal and temporal activity during imagined actions. A further limitation of 
this study is that our data are the result of within-patients comparisons, comparing 
the affected arm to the unaffected arm. Therefore, possible pathological changes 
between patients with conversion paralysis and healthy subjects that are 
independent of the arm cannot be isolated with this study.  
 
Conclusions 
Our results show that, during imagery of movements with the paralyzed arm, CP 
patients show similar responses in preparatory motor structures but fail to de-
activate the ventromedial prefrontal and superior temporal cortex. These results 
suggest that the paralysis that characterizes these patients does not manifest itself 
at the neural level as heightened inhibition of motor processes. Rather, we 
observed cerebral responses that could be more readily linked to altered 
monitoring of movements. These findings might provide a neurocognitive 
background for an effective therapeutic approach like cognitive behavioral therapy, 
that aim at abolishing perpetuating factors like heightened self-focus in CP (Stone 
et al. 2005b).  
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CEREBRAL EFFECTS OF CHRONIC FATIGUE ON IMAGINED 
ACTIONS 
 
Chapter 6 
een the groups. Both 
roups used largely overlapping neural resources. However, during the motor 
, CFS patients evoked stronger responses in visually related 
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Abstract 
The chronic fatigue syndrome (CFS) is characterized by a debilitating fatigue of 
unknown aetiology. Patients that suffer from CFS report a variety of physical 
complaints as well as neuropsychological complaints. Therefore, it is conceivable 
that the central nervous system plays a role in the pathophysiology of CFS. The 
purpose of this study was to investigate whether there exists a linkage between 
disturbances in the motor system and CFS. We measured behavioral performance 
and cerebral activity using rapid event-related functional magnetic resonance 
imaging (fMRI) in 16 CFS patients and 16 matched healthy controls while they 
were engaged in a motor imagery task and a control visual imagery task. CFS 
patients were considerably slower on performance of both tasks, but the increase 
in reaction time with increasing task load was similar betw
g
imagery task
structures. Furthermore, there was a marked between-groups difference during 
erroneous performance. In both groups, dorsal anterior cingulate cortex was 
specifically activated during error trials. Conversely, ventral anterior cingulate 
cortex was active when healthy controls made an error, but remained inactive 
when CFS patients made an error. Our results support the notion that CFS may be 
associated with dysfunctional motor planning. Furthermore, the between-groups 
differences observed during erroneous performance point to motivational 
disturbances as a crucial component of CFS. 
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Introduction 
The Chronic Fatigue Syndrome (CFS) is defined by persistent or relapsing 
unexplained fatigue, of new or definite onset and lasting for at least six months 
(Fukuda et al. 1994). Patients that suffer from CFS report a variety of physical 
complaints such as head-aches, unrefreshing sleep and postexertional fatigue, but 
also neuropsychological complaints including memory problems and inability to 
concentrate (DeLuca et al. 1995; Michiels and Cluydts 2001; Moss-Morris et al. 
1996). The exhaustion experienced by patients with CFS is hence not only 
physical but also mental in nature. Accordingly, it is conceivable that the central 
nervous system is involved in the pathophysiology of CFS (Afari and Buchwald 
2003; Georgiades et al. 2003; MacHale et al. 2000; Schmaling et al. 2003). More 
specifically, it has been suggested that the considerable motor slowing and 
persistent motor fatigue observed in CFS patients (Gaudino et al. 1997; Marshall 
et al. 1997b; Prasher et al. 1990; Vercoulen et al. 1998) can arise from alterations 
in the cerebral motor system (Davey et al. 2003). To date, there has been some 
indication that CFS may be associated with impaired excitability of cortical motor 
areas (Davey et al. 2003; Starr et al. 2000), but the evidence is mixed (Davey et 
al. 2001; Zaman et al. 2001). Furthermore, these previous studies have focused 
on cortico-spinal excitability, neglecting the remaining extensive cerebral network 
supporting movement planning (de Lange et al. 2005; Toni et al. 2002b). 
The aim of this study was to investigate the behavioral and neural correlates of 
movement planning in CFS patients, given that altered preparatory activity might 
account for several symptoms of this complex syndrome. To test this hypothesis, 
we used event-related functional magnetic resonance imaging (fMRI) to examine 
brain activity in a sample of CFS patients and a matched sample of healthy 
controls (HC) during performance of two cognitive tasks, a motor imagery task 
(Parsons 1994) and a visual imagery task (Shepard and Cooper 1982). We used 
motor imagery to induce activity in cerebral structures directly involved in 
movement planning (Jeannerod 1994; Kosslyn et al. 2001), thus assessing motor 
planning independently from actual movement execution (de Lange et al. 2005; 
Decety et al. 1994; Deiber et al. 1998; Parsons et al. 1995; Porro et al. 1996). We 
directly compared behavioral performance and neural activity across tasks, testing 
for differences between groups specifically related to performance of visual and 
motor imagery. Finally, the event-related design allowed us to (post-hoc) sort trials 
and fMRI signals into correct, incorrect and missed responses. In this way, we 
could test for between-groups differences in error processing. 
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Methods 
Subjects 
Sixteen right-handed female CFS patients and sixteen age-, gender- and 
education-matched healthy controls participated in the study after giving written 
informed consent according to institutional guidelines of the local ethics committee 
(CMO region Arnhem-Nijmegen, Netherlands).  
The age inclusion criterion was between 20 and 45 years. All patients and control 
subjects were assessed by means of detailed history and investigation, 
standardized psychiatric evaluation (SCID-I) and computer assessment of 
questionnaires. Their physical activity pattern was assessed by actometer 
measurements during 2 weeks. All patients conformed to the US Centers for 
Disease Control and Prevention criteria for CFS (Fukuda et al. 1994). Subjects 
who manifested psychiatric comorbodity (e.g. depression) were excluded from the 
study. Demographic features and scores of questionnaires assessing CFS-related 
features like fatigue, pain, sleep difficulties and cognitive impairment of the groups 
are described in Table 6.1.  
 
 CFS HC 
Demography   
Female/Male participants 16/0 16/0 
Age in years 28.4 (6.0) 24.9 (6.4) 
Educational attainment [1-7]* 4.6 (1.1) 4.9 (1.7) 
   
CFS screening measurements   
Duration of CFS in years 6.3 (4.4) 0 (0) 
CIS-R fatigue [8-56]* 51.9 (4.2) 16.1 (7.0) 
CIS-R concentration [5-35]* 29.6 (4.5) 12.1 (5.5) 
CIS-R motivation [4-28]* 17.3 (6.6) 6.5 (2.7) 
CIS-R activity [3-21]* 16.1 (4.0) 5.3 (2.5) 
SIP-8 [0-9937]* 1573 (671) 27 (36) 
SCL-90 [90-450]* 164.3 (46.8) 102.2 (8.9) 
BDI [0-63]* 14.6 (8.3) 1.6 (1.7) 
BDI-Primary Care [0-21]* 3.6 (3.6) 0.4 (0.6) 
Mean actometer score 61.1 (16.2) 74.2 (22.6) 
 
Table 6.1: Demographic characteristics (mean, SD) of the CFS patients (CFS) and 
healthy controls (HC). *Range of the scale between brackets. CIS-R=revised checklist 
individual strength. SIP=sickness impact profile. SCL-90=symptom checklist 90. 
DI=Beck Depression Inventory.  B
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Tasks 
The subjects participated in alternating blocks of visual imagery (VI) and motor 
d. Responses were measured in the scanner for 
ubsequent behavioral analysis. Each trial started with the presentation of a 
fixation cro ) for a variable interval (0.75 - 1.25 s  followed by a 
vis l characte  drawing of nd). When a 
respons al stimulu laced by t e fixation 
cross ti ext visu lus. The intertrial interval (ITI) 
wa adjusted to task performance, in order to balance the time spent off-task 
acr sk time designates the emporal intervals 
interpos al respons e next stim presentation). 
We adju ng to the formu
ITI  = C nds (VI) onds (MI); ndent on 
angle of 0 seconds; α ulus rota grees.  
Stimulu omized from tri t the end  block, the 
baseline as presented for 2 sient c  of the 
fixation unced the start of the next block of trials. 
 
MR ima lysis 
tional images were acquired using a single shot 
imagery (MI), each block consisting of 8 stimuli. During VI, subjects were shown 
typographical characters (F, G, J, and R) and their mirror images. Each stimulus 
could be rotated from its upright position (0º) until 180º in 30º steps, generating a 
set of 56 stimuli. These stimuli were serially presented to the subjects, in a random 
order. The subjects had to report whether the displayed typographical character 
was a canonical letter or its mirror image, regardless of its rotation. During MI, 
subjects were shown four different line drawings of hands (left or right hand, 
viewed either from the back or from the palm) or their mirror images. The same 
rotations and display procedures described for VI were used for MI  (see Figure 
2.1A for examples of stimuli). The subjects had to report whether the displayed 
hand drawing was a left or a right hand, regardless of its rotation (Figure 1, lower 
column). After practicing the tasks both outside and inside the scanner, subjects 
were scanned during task performance for ~40 minutes. During scanning, subjects 
responded by pressing one of two buttons on a MR-compatible button box, which 
was positioned in their right han
s
ss (baseline
ual s
ec),
timulus (a typographica
ed, the visu
r or a a ha
e was provid s was rep he baselin
ll the presentation of the n al stimu
s 
oss experimental conditions (off-ta  t
ed between a behavior e and th ulus 
sted the ITI accordi la: 
 + R; where C = 2.0 seco or 2.5 sec  R is depe
 the stimulus: R = α/18  is the stim tion in de
s rotation was rand al to trial. A  of each
 fixation cross w 0 sec. A tran hange in size
cross anno
ge acquisition and ana
Functional images were acquired on a Siemens SONATA 1.5 T MRI system 
equipped with echo planar imaging (EPI) capabilities, using the standard head coil 
for radio frequency transmission and signal reception. Blood oxygenation level-
dependent (BOLD) sensitive func
 99 
gradient EPI-sequence [TE/TR = 40/2560 ms; 32 axial slices, slice thickness = 3.5 
ntal factors (task, rotation) for each 
 
jects were considered 
s a random factor. Alpha-level was set at p<0.05, Greenhouse-Geisser corrected 
ble fatigue and/or practice effects during the 
mm; field of view (FOV) = 224 mm]. High-resolution anatomical images were 
acquired using a MP-RAGE sequence (TE/TR = 3.93/2250 msec; voxel size = 1.0 
x 1.0 x 1.0 mm, 176 sagittal slices; FOV = 256 mm). Functional data was analyzed 
with SPM99 (Statistical Parametric Mapping, www.fil.ion.ucl.ac.uk/spm) in the 
context of the General Linear Model (GLM).  Prior to analysis, functional images 
were realigned, slice-time corrected, normalized and smoothed using a 10 mm 
full-width at half maximum isotropic Gaussian kernel. By jittering trial onsets with 
respect to image acquisition and by randomizing stimulus rotations on a trial-by-
trial basis, our experimental design allowed for an event-related analysis of the 
fMRI time series. The analysis considered main effects of task (MI, VI) as well as 
the linear and quadratic effects of stimulus rotation (from 0° to 180° in 30° steps). 
Correct, incorrect, and missed responses were separately modelled and included 
in the model. Trial-by-trial reaction time (orthogonalized to task and rotation 
components) and head-related movement regressors were incorporated as 
confounds in the model [see (de Lange et al. 2005)]. We report the results of a 
random effects analysis on clusters surviving correction for multiple comparisons 
(p<0.05) [see (Friston et al. 1996)]. Parameter estimates (i.e. regression 
coefficients, in the context of the present multiple regression analysis) were 
calculated for these contrasts. Note that although indicative of effect size, the 
absolute values of parameter estimates do not convey meaning, since they have 
to be interpreted in relation to the scaling of the covariate (Friston et al. 1996).   
 
Behavioral analysis 
Mean response times (RTs), error rates (ERs), and missed responses were 
calculated for each level of the two experime
group (HC, CFS). A three-way (2 x 2 x 7) analysis of variance (ANOVA) was 
carried out to examine the effects of group (CFS, HC), task (MI, VI), and rotation
(0° to 180° in 30° steps) on RT. To investigate experimental effects on error and/or 
miss rate, we carried out a MANOVA considering the effects of group (CFS, HC) 
and task (MI, VI) on ERs and rate of missed responses. Sub
a
where applicable. To assess possi
scanning session, we calculated the regression of RTs over scanning time for 
each subject and for each task. A negative regression slope would point to a 
practice effect (RTs become shorter over time). A positive slope would point to a 
fatigue effect, indicating that the subjects become slower over time. Differences in 
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regression slope between groups (CFS, HC) and tasks (MI, VI) were assessed by 
means of a two-way ANOVA. 
 
Results 
Subject characteristics 
Table 6.1 gives an overview of demographic data of both CFS patients and 
healthy control subjects. All subjects were female. Groups did not differ in age 
(F(1,30) = 2.60; p=0.12) or educational attainment (F(1,30) = 0.37; p=0.55). CFS 
patients reported significantly higher levels of fatigue, experienced more 
concentration problems and a reduced motivation than HC, as indexed by the 
checklist individual strength (CIS-R, see Table 6.1). Sickness Impact Profile 
scores (SIP) indicated that the disorder had a significant impact on their quality of 
life (scores between 1200 and 2200 denote a severe impact on the quality of life). 
There was a trend of mean actometer difference between groups (F(1,28) = 3.36; 
p=0.078), suggesting that CFS patients were physically less active during the two 
weeks preceding the scanning session than their healthy counterparts. Although 
the scores of Beck Depression Inventory (BDI) were elevated to the range of mild 
depression in the CFS group, this cannot be readily interpreted as an indication of 
mild depression in this group, because of  the somatic nature of several BDI items. 
We therefore employed a subset of the BDI questionnaire, the BDI-Primary Care, 
s a screening instrument (Beck et al. 1997). The items of this subset are much 
onfounded by somatic symptomatology.  
a
less prone to being c
 
 
 
Figure 6.1: Behavioral results. Response times (+SEM) of CFS patients (grey 
triangles) and healthy controls (HC, black diamonds) during motor imagery (A) and 
visual imagery (B).  
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Behavioral performance 
Figure 6.1 illustrates the mean response time (RT) as a function of Rotation during 
for CFS and HC. A three-way (2 x 2 x 7) analysis of Variance (ANOVA) 
was carried out to examine the effects of task (MI vs VI), group (CFS vs HC) and 
° steps) on RT. This revealed a significant effect of task 
tween task-related 
eural activity in CFS patients and matched healthy controls, in the context of both 
common neural activity across tasks (designated by “∩“; e.g. “MI ∩ VI”) and 
differential neural activity between tasks, i.e. greater neural activity during one task 
than the other (designated by “>“; e.g. “MI > VI”). Furthermore, we could 
distinguish between task-related and rotation-related neural responses, as 
detailed in the Methods. Finally, the event-related design allowed us to (post-hoc) 
sort trials and fMRI signals into correct, incorrect and missed responses. 
Stereotactic coordinates (Evans et al. 1994; Talairach and Tournoux 1988) of 
regions showing significant differences between groups across task and rotation, 
as well as error-related activities, are listed in Table 3. 
There was extensive spatial overlap of task-related neural activity across group  
MI and VI 
rotation (0° to 180° in 30
(F(1,15) = 122.4; p<0.001), rotation (F(6,10) = 52.2; p<0.001), group (F(1,15) = 21.8; 
p<0.001) and a task x rotation interaction (F(6,10) = 5.4; p=0.01). There were no 
significant group x task (F(1,15) = 0.4; p>0.5) or group x rotation (F(6,10) = 2.33; 
p=0.11) interactions.There were no differences in error rate between groups 
during MI (F(1,30)=1.08; p=0.31) and VI (F(1,30)=1.42; p=0.24). However, the CFS 
group showed a larger number of missed responses than the HC group during MI 
(F(1,30)=6.26; p=0.018) and VI (F(1,30)=7.01; p=0.013).To check for differences in 
performance over time, we carried out an ANOVA examining task (MI vs VI) and 
group (CFS vs HC) differences in the regression of RTs over scanning time. Both 
groups showed similar negative regression slopes across conditions, with 
considerable variability [HC: mean (SD) = -0.88 (0.94); CFS: mean (SD) = -0.61 
(1.13)]. There were no differences in slope between groups (F(1,60) = 1.02; p = 
0.32) or tasks (F(1,60) = 0.43; p=0.52), suggesting that there was no differential 
fatigue and/or practice effect between tasks or groups.  
Neural activity 
Our experimental design allowed for a direct comparison be
n
s.
Figure 3 shows two examples of highly r neural responses across CFS and 
HC groups in the left posterior parietal and dorsal premotor cortex. In this paper 
however we focus on differences in neural activity between CFS patients and the 
simila
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HC group. The details of task- and rotation-related responses evoked in a different 
ts are discussed in a separate report (de Lange et al. cohort of healthy subjec
2005).  
 
 
 
 
Figure 6.2: Com
estimates (±SE
mon increases in neural activity with increasing rotation. Parameter 
M, in arbitrary units, a.u.) of the variable “rotation” is plotted for HC 
and CFS, for motor imagery (MI) and visual imagery (VI) separately. (A) left dorsal 
premotor cortex (upper cluster on C) and (B) left posterior parietal cortex (lower 
cluster on C). The activations are overlaid on a high-resolution anatomical image (C). 
In both regions, and in both groups, neural activity increased with increasing 
rotation, and the increase is greater during MI  than during VI.  
 
During both tasks, the caudate nucleus was more strongly activated in the HC 
group than in the CFS group, bilaterally. Conversely, the calcarine fissure was 
significantly more activated in the CFS group than in the HC group (across tasks). 
The calcarine activity was within the variability range (8/10) of cytoarchitectonically 
defined V1 (Amunts et al. 2000). Differences in increases of neural activity with 
increasing rotation between groups were observed in the inferior occipital sulcus 
and in the declive of the cerebellum (Schmahmann et al. 1999) (Figure 4). The 
occipital cluster falls near the location of hMT+/V5, the human visual motion 
complex (Amedi et al. 2002). The cerebellar cluster is located near the site of 
previously reported saccade-related responses (Hayakawa et al. 2002). During MI, 
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these occipital and cerebellar clusters show a steeper increase in activity as a 
function of rotation  in the CFS group than in HC. The opposite pattern is observed 
during VI.  
 
 
 
igure 6.3: Differential increases in neural activity with increasing rotatio . F
P
n
arameter estimates (±SEM, in arbitrary units) of the explanatory variable “rotation” 
is plotted for HC and CFS, for MI and VI separately. (A) cerebellar declive (left cluster 
on C) and (B) inferior occipital cortex (right cluster on anatomical image). The 
activations are overlaid on a high-resolution anatomical image (C). In both regions, 
there is a stronger increase in activity as a function of rotation in the CFS patients 
than in HC during motor imagery, while the opposite pattern is present during visual 
imagery. 
 
 
Analysis of error-related activity revealed differential activity between groups in a 
ventro-rostral portion of the cingulate sulcus [-8, 32, 30; Z=4.03; cluster size=198 
voxels (Figure 5C-D)], falling on the anterior rostral cingulate zone as defined by 
(Picard and Strick 1996) and within the “affective division” of the anterior cingulate 
cortex (ACC) delineated by (Bush et al. 2000). This ventro-rostral region was 
activated during errors in the HC group but not in the CFS group. This region was 
clearly distinct from the region activated in both groups during error trials (Figure 
5A-B). This portion of the anterior paracingulate sulcus [-2, 16, 56; Z=6.40; cluster 
size=5992 voxels; (Paus et al. 1996)] falls on the posterior rostral cingulate zone 
 104 
(Picard and Strick 1996), and within the “cognitive division” of the ACC (Bush et al. 
2000), near ACC fields involved in error detection and the online monitoring of 
performance (Carter et al. 1998; Kiehl et al. 2000).  
 
 
 
 
Figure 6.4: Anatomical location and parameter estimates (±SEM, in arbitrary units) of 
error-related activity for HC and CFS. (A) parameter estimates and (B) anatomical 
location of common error-related responses across HC and CFS groups along the 
aracingulate sulcus. (C) parameter estimates and (D) anatomical location of larger 
rror-related responses for HC than CFS along the cingulate sulcus. 
p
e
 
 105 
 Contrast 
Group 
compari
son 
Anatomical region Z-score 
Cluster Stereotactic  
size coordinates 
4.33 268 -16 -10 24 
HC>CFS Caudate nucleus 
4.53 185* 20 16 16 
Task: 
MI∩VI 
CFS>HC Calcarine fissure 4.13 290 -18 -56 2 
Cerebellum (declive) 4.56 155* -18 -64 -24 Rotation: 
MI>VI CFS>HC 
Inferior occipital 
sulcus 4.22 495 30 -70 -2 
Errors: 
MI∩VI CFS>HC 
Ventral anterior 
cingulate 4.03 198 -8 32 30 
 
Table 6.2: Cerebral data. Task-related, rotation-related and error-related activities for 
common (‘∩’) and differential (‘>’) effects across groups and imagery types.  
 
Discussion 
In this study we investigated brain activity of a sample of CFS patients and 
matched healthy controls (HC) with event-related fMRI during a motor imagery 
(MI) and a control visual imagery (VI) task, while monitoring their behavioral 
performance. All CFS patients reported significantly higher levels of fatigue, 
experienced more concentration problems and a reduced motivation than HC, and 
FS significantly affected their quality of life.  Furthermore, CFS patients were 
evance for 
athophysiological models of this illness. 
 
Behavioral findings 
Both groups were able to perform MI and VI tasks with low (< 8%) error rates, 
indicating that CFS as well as HC subjects were effectively solving the tasks. Error 
rates between the two groups did not differ, but CFS patients were significantly 
slower (Figure 6.1), resulting in more missed responses. It might be argued that 
the higher number of missed responses in the CFS group reflects slowed 
C
physically less active than HC as indicated by actometer measures collected over 
2 weeks. These findings are in line with previous studies investigating physical 
activity patterns (van der Werf et al. 2000) and behavioral measures (Prins et al. 
2001) in groups of CFS patients. In the following sections, we discuss behavioral 
and neural effects of our experimental manipulation, and their rel
p
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information processing. For instance, CFS patients respond slowly to instruction 
cue s  re ov ent times (Gau
Marshall et a P  H r, patie ot 
only g choi ction time tasks, but also in simple re n e s 
(Davey et al. rco . Th re, rformance ap rs 
to arise from spe prob tor p sses asso  
response pre v an with gene m in 
pr compl i nf e is supp  t 
electrophysiol die , in  patients, b r on
movement times directly corticospinal excitability (Davey et al. 
200  th  of rallels the re tio f f
adiness potentials (Gordon et al. 1999). On the basis of these findings, it is 
oblems 
plex information processing. 
eaction time (RT) increased with increasing stimulus rotation, indicating that both 
ects used mental rotation to judge the laterality of hands (MI) and 
-related modulation of RT differed across tasks (task x 
rotation-related neuronal responses. 
 informative with respect to the overall slowing of the CFS 
ws inferences about specific differences in the 
s, in term  of both
l. 1997b; 
ce rea
action times and m
rasher et al. 1990).
em
oweve
dino et al. 1997; 
nts are slow nCFS 
 durin actio  tim task
2001; Ve ulen et al. 1998) erefo slow pe pea
cific 
paration (Da
lems in dealing with m
ey et al. 2003), rath
o
er th
roce ciated with
s ral proble
ocessing ex 
ogical stu
nformation. This i erenc orted by recen
s showing that  CFS oth eacti  and 
correlate with 
simple reaction times pa3), and e slowing duc n o rontal 
re
conceivable that the increased reaction times observed in both imagery tasks in 
the CFS group were due to impaired motor processes, rather than to pr
with com
R
groups of subj
letters (VI). The rotation
rotation interaction), indicating that mental rotation in MI engaged additional 
resources as compared to VI. Crucially, although CFS patients were slower than 
HC, the mental rotations that were required to perform the task were done with the 
same speed in both groups, as shown by the parallel curves relating reaction 
times with rotation (Figure 6.1).  
 
Neural data 
Our experimental design allows us to dissociate the overall speed of task 
performance (indexed by the offset of the reaction time curves) from the specific 
speed of mental rotation (indexed by the slope of the reaction time curves). 
Analogously, the neural data collected in our subjects can also be dissociated into 
eneral task-related neuronal responses and g
The former may be
patients, whereas the latter allo
neural implementation of the motor and visual imagery tasks between CFS and 
HC groups.  
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Neural findings – Task-related responses 
CFS patients showed less task-related activity in the caudate nuclei than HC 
across both MI and VI. This region has been repeatedly implicated in selecting a 
response given a specific context (Hikosaka 1993; Houk and Wise 1995; Jueptner 
and Weiller 1998; Passingham 1993), possibly by merging mesencephalic reward 
signals with cortical sensori-motor representations (Jog et al. 1999; Lauwereyns et 
al. 2002; Toni et al. 2002a). In neurological terms, (Chaudhuri and Behan 2000) 
have recently suggested that striatal disturbances might constitute a pathogenic 
mechanism of central fatigue (as contrasted to peripheral neuromuscular fatigue), 
disconnecting motivational signals from the cortico-striatal-thalamo-cortical loops. 
Our results appear consistent with this framework, although it remains to be seen 
whether the reduced striatal responses observed in CFS patients are related to a 
local impairment or rather to reduced input from ventral cingulate regions (see 
below). 
During both tasks, CFS patients showed stronger BOLD responses than healthy 
controls along the calcarine sulcus (putative V1; Table 6.2). This difference in V1 
responsiveness between groups is likely due to a difference in presentation time of 
the visual stimuli between CFS and HC cohorts. Since CFS patients produced 
longer RTs than HC, and stimuli disappearance was time-locked to subjects’ 
responses, it follows that CFS patients experienced longer visual presentations 
than HC. The difference in BOLD signal was present across both MI and VI tasks, 
consistent with the fact that CFS patients were (equally) slower during both tasks 
(Figure 6.1). 
 
Neural findings – Rotation-related responses 
ls and Newsome 2002), either real (McKeefry et al. 1997; Sunaert et 
l. 2000) or imagined (de Lange et al. 2005; Tootell et al. 1995). The stronger 
rotation-related increase in signal found in this visual field when CFS patients were 
engaged in motor imagery suggests that this cohort might have solved the task by 
Both HC and CFS groups showed stronger increases in neural activity during MI 
than during VI in left posterior parietal and dorsal premotor cortex (Figure 6.2), in 
line with previous findings (de Lange et al. 2005), and suggesting that mental 
simulation of actions was playing a role in both groups during the MI task. During 
MI, CFS patients showed stronger rotation-related BOLD increases than HC along 
the cerebellar declive and occipito-temporal cortex (Figure 6.3). The latter 
differential response falls close to the human visual motion complex [hMT+/V5; 
see (Amedi et al. 2002)]. This cortical region is involved in processing visual 
motion (Nicho
a
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relying on visual processes more heavily than the HC group. It remains to be seen 
ifferences during error trials in a neighboring but distinct cortical 
gion, namely the ventral portion of the cingulate gyrus (Figure 6.4C-D). This 
trials in HC, but was not responsive 
whether the neural effect we observed is related to a voluntary strategic bias, or 
rather to an automatic compensatory process.  
A second cluster of rotation-modulated responses differentially expressed by the 
two groups falls in the declive of the cerebellum, which is implicated in execution 
of saccades (Hashimoto and Ohtsuka 1995; Hayakawa et al. 2002; Noda and 
Fujikado 1987). It is reasonable to interpret the stronger rotation-related increase 
in BOLD signal observed during MI in the CFS patients (Figure 6.3) in terms of 
different patterns of eye movements between the two groups. Given the relevance 
of eye movements for performance of visual imagery tasks (Laeng and 
Teodorescu 2002), it is conceivable that the stronger and MI-specific modulation 
of cerebellar activity found in CFS patients support the suggestion that this cohort 
might have solved the motor imagery task by using visual imagery rather than first-
person kinesthetic processes (Jeannerod 1994). 
 
Neural data – error processing 
CFS patients as well as HC showed robust error-related activity along the mesial 
aspects of dorsal frontal cortex, during both tasks (Figure 6.4A-B). This region has 
been repeatedly involved in error processing (Carter et al. 1998; Holroyd et al. 
2002; Holroyd and Coles 2002; Kiehl et al. 2000), and the present results indicate 
that there are no differences in CFS patients with respect to the functionality of this 
neural component of the human error-processing system. Conversely, there were 
inter-group d
re
region showed strong responses during error 
in CFS patients during the same type of trials. (Bush et al. 2000) suggest a 
functional dissociation between dorsal and ventral portions of the anterior 
cingulate cortex (ACC). While the dorsal (or “cognitive”) ACC is thought to be 
involved in attentional modulations, error detection and working memory, the 
ventral (or “affective”) ACC is thought to be involved in assessing the salience of 
emotional/motivational information and in the regulation of emotional responses 
(Bush et al. 2000). As an example of a disturbance of the latter system, a patient 
with lesions along orbital and lower mesial frontal cortices appeared to be 
“apathetic and unconcerned when significant events occur, such as making 
mistakes” (Eslinger and Damasio 1985). Our findings indicate that CFS patients 
lack error-related responses in this affective portion of the ACC. It remains to be 
seen whether prolonged perception of fatigue reduces motivation, and thus ventral 
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ACC responses, or whether a reduction of ventral ACC activity plays a causal role 
in the etiology of CFS, decreasing motivational drive and increasing perception of 
fatigue. A possible way of distinguishing between these two possibilities would be 
mental rotation speed and error 
s used largely overlapping cerebral resources, 
reas known to support movement preparation (de 
to use the present imaging protocol and test for dissociations between changes in 
symptomatology, behavioral responses, and cerebral activity during the course of 
treatments affecting CFS symptomatology (Prins et al. 2001). 
 
Conclusions 
We observed a general slowing of reaction times when CFS patients performed 
two different mental rotation tasks. This behavioral effect had a neural counterpart 
in reduced BOLD responses from the caudate nucleus. This finding is consistent 
with the hypothesis that striatal disturbances might constitute a pathogenic 
mechanism of central fatigue (Chaudhuri and Behan 2000). CFS patients and HC 
solved the motor imagery problem with similar 
rates. In neural terms, both group
namely parietal and precentral a
Lange et al. 2005; Thoenissen et al. 2002). However, the CFS cohort solved the 
motor imagery task by recruiting additional cerebral regions supporting visual 
processes. This neural effect suggests that the CFS patients might have relied on 
visual imagery to compensate for a dysfunctional motor planning. In this 
perspective, the lowered levels of physical activity observed in the CFS population 
(van der Werf et al. 2000) could be interpreted as an outcome of such 
dysfunctional motor planning. An alternative possibility is that the recruitment of 
additional visual resources in CFS patients represents a strategy driven by altered 
perception of effort (Fry and Martin 1996), despite a functioning cerebral motor 
system. 
Our neural data also indicate that, in the CFS cohort, the ventral ACC was not 
responsive during erroneous trials. This finding points to motivational disturbances 
as a crucial aspect of CFS. Taken together, our results confirm the 
multidimensional nature of CFS (Afari and Buchwald 2003), highlighting cognitive 
and neural components of this illness. 
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SUMMARY AND CONCLUSIONS 
 
Chapter 7 
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The research described in this thesis comprised two parts. In the first part the 
behavioral characteristics, as well as the architecture, timing and connectivity of 
brain regions involved in imagined actions were investigated (Chapters 2-4). The 
knowlegde acquired by these investigations served as a foundation for the 
interpretation of the alterations of motor imagery observed in pathological states 
(Chapters 5-6). Below I will first summarize and interpret the experimental findings 
obtained in the healthy population, and delineate the processes that constitute 
motor imagery. Then, I will discuss the observed alterations of motor imagery in 
conversion paralysis and fatigue, and compare these disease states with motor 
imagery alterations related to neurological disturbances like Parkinson’s disease 
and dystonia. Finally, I will present some ideas for future research, on the potential 
link between motor imagery with closely related phenomena like action 
observation and motor learning. 
  
Neural mechanisms of motor imagery 
Parietal cortex 
Parietal cortex is active during a variety of visuomotor and visuospatial tasks, 
including reaching, grasping, pointing, planning eye movements, attention 
orienting, and spatial working memory (Culham and Kanwisher 2001; Culham and 
Valyear 2006). Studies over the past 20 years indicate that the parietal cortex 
consists of a mosaic of distinct specialized areas (Rizzolatti et al. 1998; Rizzolatti 
and Matelli 2003), with distinct functional specialization (Simon et al. 2002a). A 
fundamental landmark of the parietal lobe is the intraparietal sulcus (IPS), which 
divides the posterior parietal lobe into the superior parietal lobule and the inferior 
parietal lobule (see Figure 1.2). Several subregions within the IPS have been 
identified on the basis of electrophysiological data in the macaque, among which 
the medial intraparietal region (MIP), lateral intraparietal region (LIP), ventral 
intraparietal area (VIP), and anterior intraparietal area (AIP) 
 
In Chapter 2 we observed activity in the medial bank of the IPS, close to putative 
area MIP, that selectively increased with increasing task load during motor 
imagery. In the macaque, neurons in area MIP are specialized for responding to 
stimuli within reaching distance and for acting on them by reaching (Colby and 
Duhamel 1991). As such, area MIP may be the source of the spatial information 
used by frontal cortex to guide reaching movements (Colby 1998). Interestingly, 
this region also became more active for imagined movements that were 
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biomechanically more difficult (irrespective of mental rotation), and its activity was 
modulated by the arm posture of the subject (Chapter 3). This fits with the notion 
that sensory signals from many modalities, as well as efference copy signals from 
motor structures, converge in MIP in order to code the spatial locations of goals for 
movement (Andersen et al. 1997).  
 
We also observed activity in other parts of the IPS, around putative VIP and LIP. 
These regions increased their activity as a function of task complexity, but not 
differently for motor imagery as for visual imagery (Chapter 2). Both these regions 
are thought to have a role in visual attention/eye movements and perception of 
space. LIP neurons increase their firing rates when a monkey is attending to a 
visual target to which it will subsequently make an eye movement but not when 
the monkey intends to reach the same target with an arm movement (Snyder et al. 
97). Area VIP contains many neurons that show polymodal directionally 
respond to moving visual, tactile, 
993; Duhamel et al. 1998), encoded 
red frame of reference (Duhamel et al. 1997).  
unctionally and cyto-
19
selective discharges (i.e., these neurons 
vestibular, and auditory stimuli) (Colby et al. 1
in a head-cente
 
Finally, given its functional role, it might be expected that AIP would be involved in 
imagined hand actions. Namely, AIP neurons are active when monkeys move the 
hand or see graspable objects (Sakata et al. 1997), and on the basis of lesion and 
neuroimaging data, it has been argued that a similar functional region can be 
identified in the anterior lateral bank of the human IPS (Binkofski et al. 1998; 
Binkofski et al. 1999; Grefkes et al. 2002; Shikata et al. 2003). However, mental 
rotation of hands is likely to induce reaching but not grasping movements, since 
there are no objects displayed to be grasped, and the imagery process solely 
relies on an imagined supination or pronation of one’s own hand into the 
orientation of the displayed hand. Indeed, studies that investigated imagined 
actions of manipulable objects have often observed activity in the anterior lateral 
ank of the IPS (Johnson et al. 2002a), falling close to fb
architectonically defined AIP (Frey et al. 2005; Scheperjans et al. 2007).  
 
Premotor cortex 
The premotor cortex can be divided into the dorsal premotor cortex (PMd) and the 
ventral premotor cortex (PMv). These regions may have underwent a different 
evolutionary course (Sanides 1964), and their anatomical connectivity is  
remarkably distinct, both with the prefrontal lobe (Hoshi 2006; Luppino et al. 2003; 
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Wang et al. 2002), and with the parietal lobe (Johnson et al. 1996; Matelli et al. 
1998; Rozzi et al. 2006). Thus, neuroanatomical considerations suggest that the 
PMd and PMv are involved in networks that are, at least to some extent, distinct 
(Rizzolatti and Matelli 2003; Tanne-Gariepy et al. 2002).  
 
There have been multiple, partially overlapping, functional interpretations of these 
mmond 1995; 
hoenissen et al. 2002).  
d that our parietal and premotor clusters fall close to regions that 
distinct dorsal (SPL-PMd) and ventral (IPL-PMv) circuits, e.g. reaching vs. 
grasping (Jeannerod et al. 1995; Tanne-Gariepy et al. 2002), movement 
preparation based on learned stimulus-response associations vs. based on natural 
and familiar sensory events (Cisek and Kalaska 2004; Toni et al. 2001a), and 
indirect vs. direct sensorimotor processing (Hoshi and Tanji 2007).  
One could also distinguish these circuits in terms of how they process the 
incoming stimulus, rather than in terms of what type of stimulus is fed into the 
system. In this framework, the ventral circuit may subserve a semantic role (e.g., 
extracting the goal of a movement) (Fogassi et al. 2005; Iacoboni et al. 2005), 
while the dorsal circuit is involved in the fast online selection and preparation of 
arm and hand movements (Beurze et al. 2007; Kalaska and Cra
T
 
Given that the action simulation that is evoked by our motor imagery task is a fast 
and intransitive action (i.e., non-goal-directed, arbitrary, without a target), it would 
be expected to tax the fast dorsal circuit rather than the “semantic” ventral circuit. 
In line with this prediction, we found that imagined hand actions elicit activity 
exclusively in dorsal posterior parietal and premotor cortex (chapters 2 and 3). 
Moreover, there was a time-specific coupling between electrophysiological 
responses in posterior parietal and dorsal premotor cortex (chapter 4). This argues 
for the view that the development of a motor plan relies on multiple iterations 
through the recurrent architecture of the parieto-frontal system (Burnod et al. 
1999). Unlike the parietal cortex, PMd activity was not modulated by postural 
changes (chapter 3), thus reserving an exclusive role for the parietal cortex in the 
incorporation of prioprioceptive information in the motor plan.  
 
It could be argue
are fundamental for general visual attention and the generation of eye 
movements, the frontal and parietal eye fields (FEF and PEF, respectively). 
Several arguments, outlined in Chapters 2-4, make this alternative interpretation of 
the parietal and premotor activity unlikely, however: 
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1) Anatomical localization: the FEF and PEF are considerably more ventral 
than the PMd and IPS activations that showed specificity for imagined 
hand movements (see Chapter 2) 
2) Lateralization of activity: whereas imagined right hand movements 
preferentially recruited left parietal and premotor cortex, imagined left 
tal and frontal 
ore complex imagined actions.  
 stimulation (TMS) 
rbation delivered at one 
hand movements additionally recruited right parietal and premotor cortex. 
This additional recruitment was visible both in terms of haemodynamic 
signal (Chapter 3), and in terms of alpha- and beta- band 
desynchronization (Chapter 4). Differences in the amount of eye 
movements and/or visual attention would however, given the foveal 
presentation of the stimuli, lead to bilateral increases in parie
activity  (Corbetta et al. 1998). 
3) Response profile of activity: both the parietal and premotor clusters 
showed a specific increase in neural activity with increasing motoric 
complexity, rather than visuo-spatial complexity (Chapter 3). Under 
conditions where the amount of visual mental rotation was the same, 
these regions still exhibited stronger haemodyanmic activity for the 
biomechanically m
 
Rather, our results support the notion that specific portions of parietal and 
premotor cortex are jointly engaged in the formation of a motor plan, with parietal 
cortex incorporating visual and proprioceptive information, and premotor cortex 
generating motor plans (Rushworth et al. 2003).  
 
Primary motor cortex 
In view of the tight link between imagined and executed actions, it has been 
proposed that the primary motor cortex (M1) may also have a critical role in motor 
imagery. Several studies have indeed implicated M1 in motor imagery, but this is 
still an ongoing topic of debate. Neuropsychological studies have found behavioral 
disturbances during imagined actions in patients with lesions in M1 (Sirigu et al. 
995; Tomasino et al. 2005b). Two transcranial magnetic1
studies have also found that disruption of M1 selectively interfered with motor 
imagery performance (Ganis et al. 2000; Tomasino et al. 2005a), although a 
recent study did not find an involvement of M1 in motor imagery (Sauner et al. 
2006). Together, these studies provide some support for a role of M1 in motor 
imagery, although it should be kept in mind that M1 operates within an 
terconnected cerebral network, and the effects of a pertuin
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otor 
agery was overlapping for both 
s, we hypothesized that psychopathological (CP) or 
actors could exert an influence on the preparation of 
e of a network may influence behavior through changes in other nodes. This 
ration applies both to TMS studies (Ruff et al. 2006; Strafella and Paus 
nd patient studies (Price and Frist
trophysiological studies in humans have also involved motor cortex in motor 
 (Caldara et al. 2004; Carrillo-de-la-Pena MT et al. 2006; McFarland et al. 
furtscheller et al. 2006). Neuroimaging methods with higher spatial 
n (like fMRI) have however been divided on the issue. While several 
have observed (attenuated) M1 activity during imagery (Dechent et al. 
acourse et al. 2005; Lotze et al. 1999; Porro et al. 1996; Rodriguez et al. 
ther studies did not find any M1 activation as a function of imagery, but 
 activity related to the actual motor response at the end of a trial (de Lange 
05; Richter et al. 2000). Possi
., implicit or explicit, simple or complex movements), and subject instructions 
tribute to whether or not M1 plays a role during motor imagery (Lotze and 
d 2006). Future studies that experimentally manipulate these factors 
ne design may be of great help to solve this debate.  
imagery in psychopathological conditions M
Alterations within the motor system 
We used a motor imagery paradigm in two distinct psychopathological conditions: 
conversion paralysis (CP) and chronic fatigue syndrome (CFS). While these 
syndromes are distinct, the logic of using motor im
conditions. In both case
motivational (CFS) f
movements, resulting in absent or diminished motor output. This would lead to 
changes within the parieto-premotor network, as outlined in chapters 2-4. 
Changes in the motor system during imagined hand actions have been identified 
in patients suffering from a neurological disorder like Parkinson’s disease 
(Cunnington et al. 2001; Helmich et al. 2007; Thobois et al. 2000). The alternative 
hypothesis was that the behavioral impairments are not directly linked to 
impairments in motor planning, but rather result from (inhibitory) processes outside 
the motor system.  
 
As documented in Chapters 5 and 6, both CP patients and CFS patients could 
readily imagine hand actions, using the same cerebral resources as healthy 
participants (i.e., IPS and PMd). The similar increase of imagery-related cerebral 
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activity in preparatory motor-related structure runs counter to the hypothesis of a 
reduction of preparatory activity within the motor system associated with these 
psychopathological states. Rather, it appears that the fast on-line preparatory 
motor processes that are issued by the motor imagery task are undisturbed by 
motivational and reflective interference generated by these psychopathologies.  
 
Alterations outside the motor system 
Both CP and CFS were characterized by altered brain activity outside the motor 
system during imagined actions, but they were of different nature.  
 
For CP patients, motor imagery of the affected limb recruited additional cerebral 
resources in the ventromedial prefrontal cortex and superior temporal cortex. 
These activation differences can be understood in terms of the different load that 
implicit and explicit imagery impose on self-monitoring. The ventromedial 
prefrontal cortex is part of the “intrinsic” or “default” network (Raichle and Mintun 
006), showing physiological decreases of metabolic activity duri2
of sen
ng performance 
sori-motor and cognitive tasks (Gusnard et al. 2001). Previous studies have 
 a functional role in CP 
). In correspondence with this, heightened 
in patients with other stress-related disorders 
 processes more heavily than the HC group. It remains to be 
een whether the neural effect is related to a voluntary strategic bias or rather to 
already suggested that increased self-monitoring may play
(Roelofs et al. 2006; Vuilleumier 2005
self-monitoring has been observed 
(Gehring et al. 2000; Hajcak and Simons 2002; Ursu et al. 2003). This notion fits 
well with the therapeutical observation that overt training of motor skills (cf. 
inducing self-monitoring of actions), which is common practice in revalidation, is 
often not beneficial for CP. For this reason therapeutical programs make use of 
indirect techniques like hypnosis in order to elicit movements (Moene and Roelofs 
2007; Moene et al. 1998). 
 
CFS patients showed a larger reliance on the inferior occipital cortex during motor 
imagery than healthy control subjects. This region is near the human visual motion 
complex (hMT+/V5), a region which is activated by observation of both real motion 
(Morrone et al. 2000) and imagined motion (Goebel et al. 1998). Although 
speculative, this result may suggest that CFS patients may have solved the task 
by relying on visual
s
an automatic compensatory process.  
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It is interesting to note that, although the behavioral and neural signature of motor 
imagery in the healthy brain has been assessed in detail (Chapters 2-4), there is 
still a multitude of variables that can influence motor imagery perfromance, like the 
motor imagery paradigm used, the imagery strategy adopted, and factors like 
motivation and self-monitoring (Chapters 5-6). It will be important to bear these 
ctors in mind when devising to use motor imagery tasks for diagnostic (e.g., 
6) or intervention (Dijkerman et al. 2004; 
sive spatial (Shmuelof and Zohary 2006) and temporal 
during action observation, as well as the 
ttentional demands put on the observer, could be helpful to elucidate the link 
fa
(Boly et al. 2007; Owen et al. 200
Jackson et al. 2001; Mulder 2007) purposes, as well as for Brain-Computer 
Interfacing (Pfurtscheller and Neuper 2006). 
  
Conclusions and outlook 
The results of chapters 2-4 emphasize the detailed correspondence between 
motor imagery and preparatory motor processes, in terms of behavior, functional 
anatomy, and interactions between brain regions. The picture that emerges is that 
motor imagery is subserved by a realistic internal simulation of the action (Chapter 
2), which is subject to similar influences of external factors like proprioception 
(Chapter 3). This simulation is largely implicit, and appears immune to alterations 
in psychological factors like fatigue, motivation and/or self-monitoring (Chapters 5-
6).  
 
Humans are apparently capable of internally running full-fledged realistic motor 
simulations. This begs the question whether motor simulations are relevant 
outside the purview of imagery. Several studies have shown that the “passive” 
observation of actions can also induce activation in the motor system (Aziz-Zadeh 
et al. 2002; Fadiga et al. 2005; Rizzolatti and Craighero 2004), which are 
haracterized by an impresc
(Montagna et al. 2005) correspondence with real actions.  
This suggests a link between action imagery and action observation, but the exact 
nature of this link is still ill-understood. One possibility is that action observation 
automatically leads to a simulation of the observed action, which is similar in 
nature to the simulation carried out during motor imagery. At present it remains 
unknown however whether the motor simulation during action observation is 
mediated by an (implicit or explicit) imagery process, or whether both processes 
draw upon the same cognitive process for different purposes. Future studies that 
anipulate the strategy of the observer m
a
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between action observation and action imagery, and to establish how ‘automatic’ 
and obligatory motor simulations are during action observation.  
Furthermore, it would be useful to consider tasks and/or stimuli that selectively tax 
both the dorsal (SPL-PMd) and ventral (IPL-PMv) route. It could be that action 
observation of intransitive, meaningless hand movements like finger tapping or 
flexing is less able to drive a predictive simulation (since it is difficult, and perhaps 
less relevant, to predict in a meaningless movement), while goal-directed transitive 
actions engage an equally strong motor simulation during action imagery and 
action observation. The link between action observation and action imagery may 
erefore not be straightforward, and may depend on (among others) the type and 
l as the intentional stance of the subject. These 
nstitute a fruitful area of future research.  
th
content of the action, as wel
considerations will hopefully co
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Visuele en motorische verbeelding 
Probeert u eens de volgende vraag te beantwoorden: “Hoeveel ramen bevinden er 
zich in uw huis (of appartement)?” Om deze vraag te beantwoorden, maken 
mensen zich doorgaans een visuele voorstelling van iedere kamer, om vervolgens 
per kamer de ramen te tellen. Dit is een voorbeeld van “visuele verbeelding”. 
Visuele verbeelding is een cognitief proces dat mensen - bewust of onbewust – in 
het dagelijks leven veel gebruiken. Bijvoorbeeld bij het inparkeren, om een 
voorstelling te maken of de auto in het parkeerplekje past. Of bij het inpakken van 
de koffer, om te kijken hoe de kleren het beste gestapeld kunnen worden om de 
ruimte optimaal te benutten. Maar visuele verbeelding is niet de enige vorm van 
verbeelding. Mensen kunnen zich ook voorstellen om een bepaalde handeling uit 
te voeren. Als de leraar bij dansles de danspasjes uitlegt, proberen mensen veelal 
zich een voorstelling te maken van de bewegingen die ze later zelf moeten 
uitvoeren. Deze vorm van verbeelding heet motorische verbeelding. Motorische 
verbeelding wordt veel gebruikt door sporters bij de voorbereiding op een sport-
prestatie, en het kan zelfs worden ingezet als hulpmiddel bij revalidatie, om de 
motorische processen weer op gang te brengen. Maar ook al lijken visuele en 
motorische verbeelding op “echte” visuele waarneming en motoriek, in hoeverre 
zijn ze eigenlijk vergelijkbaar?  
Dat lijkt een lastige vraag, want hoe kun je op een verantwoorde manier 
onderzoek doen naar verbeelding? Als ik iemand vraag zich een bepaalde 
beweging voor te stellen, hoe weet ik dan dat de persoon dit ook daadwerkelijk 
doet, in plaats van zich simpelweg achter de oren te krabben over de vreemde 
taken die sommige onderzoekers toch kunnen verzinnen? In Hoofdstuk 1 geef ik 
een overzicht van motorische verbeelding, en de verschillende taken waarmee 
motorische verbeelding onderzocht is. Eén veelbelovende manier om (motorische) 
verbeelding op een gecontroleerde manier te onderzoeken, is door middel van 
mentale rotatie.  
 
Mentale rotatie 
Mentale rotatie is als eerste beschreven door Roger Shepard en Jacqueline 
Metzler in 1973. Bij een “mentale rotatie” taak moet de proefpersoon een 
beslissing nemen over een object dat over een bepaalde hoek gedraaid is. Omdat 
het object gedraaid is, moet de proefpersoon het object mentaal – dus “in zijn/haar 
hoofd”– roteren vanuit de uitgangspositie naar een oriëntatie waarin het object te 
herkennen is. Het onderstaande figuur geeft twee voorbeelden van mentale 
rotatie-taken.  
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Visuele mentale rotatie: “Staat de letter in spiegelbeeld of niet?” Het kost over het 
algemeen meer tijd om antwoord te geven voor de rechterletter (de “gewone R”) dan 
voor de linkerletter (de “gespiegelde F”), aangezien de “R” een grotere rotatie-hoek 
heeft t.o.v. de normale oriëntatie van een letter. Daarom is er meer mentale rotatie 
vereist om de letter te draaien.   
Motorische mentale rotatie: “Is de hand een linker- of rechterhand?” Bij deze taak 
doen mensen over het algemeen langer over het rechter-plaatje dan over het linker-
plaatje. Hoewel de hoeveelheid mentale rotatie die benodigd is om het plaatje 
rechtop te zetten voor beide plaatjes hetzelfde is (en de hand in beide gevallen 
eveneens hetzelfde is), is de draai-richting van het rechter-plaatje (met de klok mee) 
lastiger voor een rechter-hand. Dit kan men eenvoudig verifiëren door te proberen de 
beweging zelf te maken (beide plaatjes zijn een rechter-hand).   
 
Hét grote voordeel van het mentale rotatie paradigma is dat we hiermee 
daadwerkelijk kunnen verifiëren dat proefpersonen gebruik maken van een 
entale voorstelling. Namelijk, als een proefpersoon een plaatje mentaal roteert 
 geven op de vraag, zou de reactie-tijd lineair moeten toenemen 
m
om antwoord te
met de hoeveelheid mentale rotatie. Dit is precies wat Shepard & Metzler in 1973 
voor het eerst aantoonden, hetgeen een belangrijke aanwijzing was voor het 
bestaan van visuele verbeelding. Maar kan mentale rotatie ook gebruikt worden 
om motorische verbeelding te onderzoeken? In het eerste deel van mijn 
proefschrift heb ik gekeken of deze taak alleen visuele verbeelding oproept (net 
als bij de “letter-taak”, of dat er naast deze vorm van verbeelding ook een 
motorische verbeelding is, die lijkt op het voorbereiden van echte bewegingen.  
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Motorische verbeelding in het brein 
In Hoofdstuk 2 heb ik de twee mentale rotatie taken die op de vorige bladzijde 
zijn afgebeeld met elkaar vergeleken. Om een nauwkeurig beeld te krijgen van de 
hersen-gebieden die bij deze taken betrokken zijn, heb ik gebruik gemaakt van 
fMRI (functionele magnetische resonantie imaging), een techniek waarmee 
hersen-activiteit nauwkeurig kan worden gelokaliseerd. Met behulp van deze 
techniek heb ik gekeken welke gebieden toenemende activiteit lieten zien met 
toenemende mentale rotatie. Op deze manier kunnen we gebieden identificeren 
die specifiek betrokken zijn bij het mentale rotatie proces, en gebieden uitsluiten 
die actief zijn tijdens de taak, maar niet specifiek te maken hebben met mentale 
rotatie (aangezien deze gebieden niet toenemen in activiteit met toenemende 
mentale rotatie). Er waren twee gebieden, in de pariëtale en premoto  
chors, die toenemende activiteit lieten zien met toenemende mentale rotatie, 
ook van invloed 
ou moeten zijn op dit voorstellings-proces. Als motorische verbeelding een 
ls 
rische
s
maar alleen bij de motorische verbeeldingstaak (zie Figuur 2.2C-E op bladzijde 
33). Eerder onderzoek heeft aangetoond dat deze gebieden ook actief zijn bij het 
plannen van bewegingen, hetgeen suggereert dat motorische verbeelding gebruik 
maakt van dezelfde hersengebieden als bij het plannen van bewegingen.  
In Hoofdstuk 3 staat de vraag centraal of motorische verbeelding een algemene 
nabootsing van een handbeweging oproept, of dat mensen tijdens motorische 
verbeelding zich (onbewust) voorstellen hun eigen linker- of rechter-hand te 
bewegen. Om dit te onderzoeken, hebben we mensen de mentale rotatie taak 
laten uitvoeren, terwijl hun eigen handen in verschillende orientaties gelegd 
werden. De hypothese was dat als mensen uitgaan van hun eigen hand bij het 
voorstellen van een beweging, de houding van hun eigen hand 
z
algemene nabootsing van een handbeweging behelst, zou de eigen hand-positie 
daarentegen geen verschil moeten maken. Het bleek dat motorische verbeelding 
langer duurde als de positie van de hand van de proefpersoon niet 
overeenstemde met de hand op het scherm, met name bij moeilijk voorstelbare 
hand-bewegingen. Proefpersonen gaven zelf echter aan dat de positie van hun 
eigen hand geen invloed had op de taak. Het lijkt er dus op dat motorische 
verbeelding een “belichaamd” proces is, en dat dit motorisch proces grotendeels 
onbewust verloopt. Het gebied in de pariëtale schors dat al eerder gevonden was 
in Hoofdstuk 2, werd sterker ge-activeerd als de eigen hand anders lag dan de 
hand op het scherm, terwijl de hand-positie voor de premotorische schors geen 
verschil maakte. Dit suggereert dat de pariëtale schors zowel visuele a
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proprioceptieve informatie (over de eigen hand-positie) verzamelt, en deze 
ar de premotorische schors die op basis van informatie vervolgens doorstuurt na
deze informatie een motorisch plan construeert.  
In hoofdstuk 2 en 3 heb ik fMRI gebruikt om de hersen-processen tijdens 
motorische verbeelding te onderzoeken. Met behulp van deze techniek is het 
weliswaar mogelijk om nauwkeurig vast te stellen welke hersengebieden actief zijn 
tijdens een taak, maar het is niet goed mogelijk om te bepalen wanneer en hoe 
lang een gebied actief is. Daardoor is het lastig de exacte rol van de verschillende 
hersen-gebieden te bepalen. Om een vergelijking te maken met een detective: 
fMRI kan je precies vertellen wie de personages zijn in een moord-zaak, maar 
vervolgens heb je nog geen idee wie nu de moordenaar is, wie het slachtoffer, en 
wie de butler die weliswaar de moordenaar heeft geholpen, maar de moord niet 
heeft gepleegd. In Hoofdstuk 4 heb ik getracht de timing en interacties van de 
verschillende gebieden tijdens motorische verbeelding in kaart te brengen met 
behulp van MEG (magneto-encephalo-grafie), een techniek die de magneet-
velden kan opvangen die worden gegenereerd door de elektrische stromen die in 
de hersenen lopen. Door precies te bepalen welke gebieden op welk moment 
actief zijn, en hoe deze gebieden met elkaar praten, kunnen we meer te weten 
komen over de rol van de verschillende gebieden bij motorische verbeelding. Het 
bleek dat de eerste 300-400 miliseconden gekenmerkt werden door sterke 
occipitale en pariëtale activatie, in de vorm van snelle golven, met een frequentie 
tussen de 40-80 Hz - de zogenoemde gamma frequentie-band. Op een later 
tijdstip, vanaf ongeveer 400 milisconden, was er een verschil meetbaar in de 
(pre)motore schors, alnaargelang er een linker- of rechter-hand werd getoond: 
linkerhanden lieten sterkere de-synchronisatie zien in de alpha-band (8-12 Hz) en 
beta-band (16-24 Hz) in de rechter-(pre)motorische schors. Deze resultaten 
suggereren hetvolgende scenario: eerst wordt een (onbewuste) hypothese 
gevormd over de hand die op het scherm staat: lijkt de hand meer op een linker- 
of een rechter-hand? Dit proces speelt zich af in de visuele  gebieden. Vervolgens 
wordt een motorische simulatie van deze “vermoedelijke” hand uitgevoerd om de 
hypothese te toetsen. Deze simulatie vindt plaats in (onder andere) de 
premotorische schors plaatsheeft. Interessant is dat al lang (ongeveer 1 sec) 
voordat de proefpersoon bewust weet welke hand op het scherm staat, er in de 
hersenen te zien is of de proefpersoon naar een linker- of rechter-hand kijkt. Dit 
benadrukt nogmaals het onbewuste karakter van motorische verbeelding tijdens 
mentale rotatie. 
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Motorische verbeelding bij patiënten 
In het eerste deel van het proefschrift worden de neurale mechanismen van 
voorgestelde motoriek blootgelegd. In de laatste twee hoofdstukken heb ik 
getracht deze kennis toe te passen op twee ziektebeelden waarover nog relatief 
weinig bekend is, en waarbij verstoringen van motorische processen mogelijk een 
rol zouden kunnen spelen.  
In Hoofdstuk 5 wordt gekeken naar een psychiatrische stoornis die bekend staat 
als conversie-verlamming. Conversie-verlamming wordt gekenmerkt door een 
immobiliteit van de ledematen, waarvoor geen neurologische verklaring kan 
worden gevonden. De verlammings-verschijnselen nemen toe als gevolg van 
stress, hetgeen suggereert dat psychiatrische aspecten een rol spelen. Eerder 
onderzoek stelde dat conversie-verlamming mogelijk te maken heeft met een 
inhibitie van motorische processen. Ander onderzoek echter suggereerde dat 
conversie-verlamming ge-associeerd is met een te grote mate van ‘toezicht’ 
(monitoring) op het eigen handelen, hetgeen de motoriek belemmert. Aangezien 
de motoriek van deze patiënten verstoord of zelfs afwezig is, is het lastig om de 
hersen-activiteit tijdens (pogingen tot) daadwerkelijke bewegingen te interpreteren. 
Activaties in de hersenen tijdens (mislukte) bewegingen kunnen dan namelijk een 
correlaat van velerlei zaken zijn, zoals het detecteren van een fout, frustratie over 
een niet-gelukte beweging, etcetera. Om deze problemen te omzeilen, hebben we 
gebruik gemaakt van motorische verbeelding, en gekeken naar verschillen tussen 
motorische verbeelding van de verlamde hand en van de niet-verlamde hand bij 
een groep conversie-patiënten. Alle patiënten hadden een unilaterale conversie-
verlamming. Daarom konden we de ‘goede’ en de ‘verlamde’ arm rechtstreeks 
met elkaar vergelijken bij iedere patiënt. Het bleek dat de gebieden die betrokken 
waren bij voorbereiding van motoriek (de pariëtale en premotorische schors) even 
actief waren bij motorische verbeelding van de aangedane hand als bij motorische 
verbeelding van de niet-aangedane hand. Er zijn dus geen aanwijzingen voor 
inhibitie van motorische processen bij conversie-verlamming. Wel vonden we een 
grotere activatie in de prefrontale schors tijdens motorische verbeelding van de 
aangedane hand, hetgeen suggereert dat conversie-verlamming eerder te maken 
heeft met een te grote mate van toezicht op het eigen handelen. Hoofdstuk 6 
gaat over motorische verbeelding bij het chronische vermoeidheids-syndroom, 
kortweg CVS. CVS is gedefinieerd als een ernstige vermoeidheid, die langer dan 
6 maanden aanhoudt, en waarvoor geen medische verklaring gevonden kan 
worden. CVS-patiënten vertonen naast fysieke klachten ook neuropsychologische 
lachten (o.a., geheugen- en concentratie-problemen). Het doel van de studie van k
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Hoofdstuk 6 was om te onderzoeken of er een verband is tussen chronische 
vermoeidheid en verstoringen in het motorisch systeem. Daarvoor hebben we 
motorische verbeelding vergeleken bij een groep CVS-patiënten en een groep 
gezonde vrijwilligers. Opvallend was dat een gebied in het visuele systeem, dat 
betrokken is bij de perceptie van beweging, sterker actief was bij CVS-patiënten 
dan bij gezonde vrijwilligers tijdens motorische verbeelding. Dit zou erop kunnen 
wijzen dat CVS-patiënten motorische verbeelding op een meer visuele manier 
implementeren. Tenslotte waren er verschillen tussen CVS-patiënten en gezonde 
vrijwilligers bij het maken van een fout. Terwijl gezonde vrijwilligers bij het maken 
van een fout activatie lieten zien in een gebiedje dat verantwoordelijk is voor de 
affectieve verwerking van fouten (de ventrale ACC genoemd), werd dit gebiedje bij 
CVS-patiënten niet ge-activeerd tijdens het maken van een fout. Dit zou kunnen 
wijzen op een motivationele verstoring als een onderdeel van CVS.  
 
Conclusies 
Hoofdstuk 7 geeft een samenvatting van de bevindingen en een vooruitblik op 
toekomstig onderzoek. Zoals hoofdstuk 2 t/m hoofdstuk 4 laten zien, heeft 
motorische verbeelding grote overeenkomsten met daadwerkelijke motoriek: 
motorische verbeelding doet een beroep op dezelfde hersen-gebieden en 
verbeelde bewegingen duren ongeveer even lang als daadwerkelijk uitgevoerde 
bewegingen. Bovendien wordt motorische verbeelding beinvloed door de houding 
van ons eigen lichaam, net als bij echte bewegingen. Motorische verbeelding zou 
derhalve een waardevol gereedschap kunnen vormen bij het diagnosticeren van 
ziektebeelden waarbij verstoringen in de motoriek een rol spelen. Hier moet echter 
enige voorzichtigheid in acht genomen worden. Zoals blijkt uit Hoofdstuk 5 en 6, 
spelen eveneens andere cognitieve processen een grote rol, zoals het toezicht 
houden op het eigen gedrag, het verwerken van fouten, en veranderingen van 
strategie. Al deze complexe cognitieve processen kunnen derhalve het proces van 
motorische verbeelding beinvloeden, en moeten in acht genomen worden bij de 
bestudering van (verbeelde) motoriek bij een patiënten-populatie. Niettemin zijn er 
belangrijke toepassingen denkbaar van motorische verbeelding, waarbij misschien 
wel de meest aansprekende die van de Brain-Computer-Interface (BCI) is: door de 
hersen-activiteit te registreren tijdens de verbeelding van een bepaalde beweging, 
kan deze beweging door een robot-arm daadwerkelijk worden uitgevoerd. Hoewel 
deze techniek nog grotendeels toekomst-muziek is, lijkt een goede karakterisering 
van de gebieden die betrokken zijn bij motorische verbeelding hiervoor 
onontbeerlijk.  
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